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Abstract 
In high-speed sports, sports apparel has the potential to influence the competition. The 
understanding of aerodynamic behaviour of sports garments in high-speed sports can 
lead to higher efficiency and achievement. Prior studies have mainly focussed on the 
evaluation of fabric surface roughness using vertical cylindrical models and full-scale 
garments in a wind tunnel environment. However, the correlation between fabric 
surface morphology, cylindrical model evaluation and full-scale tests across a wide 
range of speed sports is absent. The main objective of this research is to determine the 
effects of fabric topology (e.g., surface roughness and stitch orientation) and seam 
positions on aerodynamic drag and lift and their correlations across a range of sport 
speeds. In this study, two classes of sports application (i.e., ski jumping and cycling) 
allow explanation of research findings and verification of the impact of surface based on 
their speed ranges and physiological orientation. 
Initially, fabric parameters (surface roughness, stitch orientation, seam configuration 
and placement), aerodynamic parameters (drag and lift coefficients, Reynolds number), 
and physiological parameters (athlete body position and geometric shape) are identified 
in order to probe inter-relationships among such parameters. By considering the human 
body as a combination of cylinders, a fabric testing methodology using standard 
cylinders is designed and developed to experimentally determine the aerodynamic drag 
and lift as a function of fabric surface roughness, stitch orientation, seam position and 
athlete body position. Eight garment materials with varied surface profiles used in 
different speed sports including ski jumping and cycling are evaluated across a range of 
Reynolds number within a wind tunnel environment. To correlate these cylinder tests 
data with full-scale tests, two different full-scale test methodologies are employed: an 
articulated mannequin for ski jumping and professional athlete for cycling. One 
standard and one modified suit based on data obtained through the cylinder test are used 
for full-scale testing in ski jumping and cycling orientations. 
Data acquired using cylinder test methodology is used to quantify the relationship 
between the aerodynamic drag coefficient and Reynolds numbers for different sports 
fabrics with relative roughness (ε = roughness height / diameter of the cylinder) ranging 
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from 2.58  104 to 7.38  104, which is valid for Reynolds numbers between 1.0  
10
5
 and 2.4  105. A relationship between the aerodynamic drag coefficient and 
Reynolds number for seam orientations between 0° and 180° relative to wind direction 
is developed. The results obtained indicate that the fabric wale orientation with respect 
to wind direction has an effect on the aerodynamic drag coefficient through alteration of 
the airflow transition regime (laminar to turbulent) at Reynolds numbers from 1.4  105 
to 1.8  105. The influence of surface roughness at various inclination angles indicates 
that rougher surfaces (ε = 5.42 × 104) produce a flow transition earlier than the 
smoother surface (ε = 4.73 × 104) at inclination angles between 30° and 125°. Results 
obtained using cylinder and full-scale test methods show a strong correlation for lift, 
drag and the lift to drag ratio for both ski jumping and cycling suits.  
These experimental methodologies and their functional relationships developed here 
allow identification of optimal sports garments with improved aerodynamic 
performance in high-speed sports. In a broader context, they may be relevant to other 
high-speed sports, such as speed skating and downhill skiing. Potentially the correlation 
between the cylinder test data and full-scale suits performance can reduce time and cost 
of production of an aerodynamic sport suit by eliminating lengthy trial and error 
methods and the necessity of costly full-scale in-field tests.  
This research did not consider the effect of stress on fabric in order to limit the test 
variations that are of no consequence to the set objectives. Future study should include 
the effect of relative roughness and applied stress on aerodynamic parameters as the 
relative roughness can vary with applied stresses. 
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Chapter 1 
General Introduction 
 
1.1 Background 
Relationships between sport garment design and the athletic performance accomplished 
are a complex and intimate mix. As the sophistication of materials has advanced 
generally, the demands sought from such garments have equally advanced to include 
thermal and moisture management, physiological responsiveness and energy 
dissipation. As well as these material parameters, sports garment design involves a 
significant element of athlete perception able to instil confidence in the area of energy 
expenditure, especially in higher speed sports, where engineering science can make a 
significant quantitative contribution. 
Aerodynamic behaviour plays a significant role in a wide range of speed sports 
including ski jumping, cycling, downhill skiing, bobsleigh, speed skating, and sprinting 
as the wining time margins are progressively reduced with the utilisation of newer 
technologies and vigorous training regimes. The winning margin can be further 
decreased by understanding such aerodynamic behaviour especially the drag and lift 
properties of various sports garments. The understanding of aerodynamic effects of 
sports garments on sporting performance is becoming a decisive factor in sports 
technology and product design. Therefore, aerodynamically efficient garment design 
requires detailed information on the fabric surface morphology as well as its systematic 
behaviour in wind tunnel experimentation. Considerations in this aerodynamic 
efficiency also include several other properties of whole fabrics or garments such as 
weaving and knitting techniques, seam and fastener placement together with and fibre 
orientation. In such circumstances, degrees of optimisation can enhance the overall 
athletic performance.  
Since the initial work of Kyle & Caiozzo (1986) and Brownlie, Gartshore, Mutch, & 
Banister (1987) on the aerodynamic effects of sports garments on athletes’ performance, 
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only limited work has been undertaken and published in this area of research. 
Strangwood (2007) pointed out that the appropriateness of materials for sports 
applications indicating that they should meet a range of performance parameters 
depending on the specific requirements imposed by any one application. Technological 
innovation in both design and materials has played a significant role in sports achieving 
its current standing in both absolute performance and its aesthetics. Sports garments can 
affect athletic performance by influencing the aerodynamics of the moving athlete 
interacting with external air flow. This has been demonstrated in a number of sports, 
including ski jumping cycling, running, downhill and cross-country skiing, bobsled, and 
speed skating (Fu, 2002; Di Prampero, Mognoni, & Saibene, 1979). Laing (2002) 
suggested that drag can be reduced by up to 10% through the appropriate use of 
garments in sports. Several approaches to determine the effects of the garment design 
and styling on its aerodynamic performance have been adopted.  
Kyle & Caiozzo (1986) and Brownlie et al. (1987) carried out experimental wind tunnel 
studies on the effect of the aerodynamic drag of athletic clothing materials, hair, and 
shoes used in sprint and distance running (e.g., marathon). Their investigations were 
aimed at finding the aerodynamic contribution of the clothing where speeds were less 
than 10 m/s (36 km/h). The study indicated a possibility to lower the aerodynamic drag 
of a runner from about 0.5% to 6% by improving garments or by trimming or covering 
the hair. They also reported the concept that a small reduction of aerodynamic drag can 
result measurably improved performance. The study was based on a human mannequin 
at four wind speeds (4.7, 7.1, 8.8 and 9.7 m/s). They also noted that tight fitting 
garments showed a drag reduction by 1.8 to 7.4% at running speeds. However, the study 
did not reveal detailed correlation between the surface parameters such as roughness, 
fibre orientation and seam position with such aerodynamic properties. 
Moria, Chowdhury, & Alam (2011) and Moria et al. (2010) investigated the effects of 
swimsuits surface profile on aerodynamic drag (theoretically calculated from equivalent 
hydrodynamic drag) used predominantly in swimming. Here, surface profile generally 
means the fabric roughness and seam position. Swimsuit materials were evaluated over 
a range of Reynolds numbers with a fabric testing methodology using cylinder in the 
wind tunnel. The study showed that the surface roughness and seam position have 
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notable effect on the aerodynamic drag. The reduction of aerodynamic drag is possible 
for various surface profiles at different Reynolds number. However, the study did not 
include the effects of body inclination on drag and lift forces.  
The effect of aerodynamics on clothing used in competitive speed sports was carried out 
by Brownlie (1992). In this study, vertical cylinders with variable diameters (30 to 368 
mm) were used to measure drag under a range of wind speeds using various garment 
materials. In addition, full-scale articulated mannequin was used to evaluate the 
aerodynamic properties of garments used in sprint, downhill skiing and cycling. This 
study showed that the mannequin did not have a flow transition up to velocities of 14.5 
m/s. Nevertheless, it was concluded that peripheral limbs prevent flow transition in the 
upright posture. The study also reported that in downhill skiing and cycling, the drag 
coefficient decreases with an increase of speeds (as may be expected). It was suggested 
that the roughness of the suit benefits airflow around the mannequin and the surface 
roughness of selected fabrics allowed drag reduction on human bodies in cycling and 
down-hill skiing. However, Brownlie did not take into account the effects of fibre 
orientation and the body inclination angles in his study.  
Oggiano, Troynikov, Konopov, Subic, & Alam (2009) presented a detailed 
methodology which allows the behaviour of a particular type of sport fabric (i.e., single 
knitted jersey fabric) with different roughness parameters to be established. The study 
was based on wind tunnel force measurements over a range of speeds (20 to 70 km/h) 
using both a cylinder model and a simplified leg model. Here, they employed geometric 
parameters to characterise single knitted jersey fabrics, in the investigation aimed at 
finding the correlations between roughness parameters and aerodynamic properties of 
fabrics. This study showed that the aerodynamic behaviour of materials determined by 
using simplified cylinder and leg model was similar. Here, only drag forces were 
analysed with a vertical configuration of cylinder and leg model, and the study was 
restricted to single knitted jersey fabrics. 
Konopov et al. (2010) studied the correlation between the geometrical parameters of 
double layer knitted fabrics, comfort and aerodynamic properties. The study was based 
on wind tunnel force measurement for a range of speeds from 20 to 70 km/h with a 
cylinder model in the vertical position. The primary objective of the study was to 
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examine the aerodynamic behaviour especially drag of double layer knitted fabrics used 
in high speed winter sports. The study indicated that the base layer (interior) has limited 
effects on the aerodynamic drag of the entire knitted fabrics as the passing airflow had a 
notable perturbation with all layers of fabrics. Konopov and others have not considered 
the effects of seam, inclination angle, fibre orientation and microstructure of the fabric 
surface profile. 
1.2 Factors Contributing to the Aerodynamic Performance of 
Sports Garments 
A number of factors have been identified that may contribute to the aerodynamic 
efficiency of athletes in high-speed sports (Barelle, Ruby, & Tavernier, 2004; Grappe, 
Candau, Belli, & Rouillon, 1997; Lukes, Chin, & Haake, 2005). Some major factors 
are: 
 Athlete’s body position during the activity 
 Sport equipment and/or accessories 
 Sports garments 
As sports garments have direct impact on athletic performance in high-speed sports, it is 
necessary to identify the important factors that may influence the aerodynamic 
properties of sports garments. There are several factors that can affect these 
aerodynamic characteristics of sports garments. These factors are: 
 Speed 
 Body position 
 Fabric properties 
 Garment construction 
 Time contribution 
The factors are discussed in detail in the following sub-sections.  
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1.2.1 Speed 
It is an important parameter for the aerodynamic optimisation of athlete performance in 
high-speed sports. The speed has significant influences on the overall aerodynamic 
efficiency based on body configuration, orientation, sports garments and the geometric 
shapes of sports equipment. For example, the range of variable speeds can have notable 
effect on the aerodynamic properties of sport garments as the airflow regime can 
notably change from laminar to turbulent flow. Table 1.1 listed the average speed in air 
of these various sports. 
Table 1.1: Average speeds in air for various sports 
Type of Sports  Average Speed (km/h) 
Ski Jumping  90-100 
Cycling  42 
Downhill Skiing  80 – 120 
Speed skating  50 
Sprint (running) 32 
Swimming  112 (i.e., 2.1 m/s in water)  
 
1.2.2 Body Position 
In all high-speed sports, the body position plays an important role as some body parts 
are responsible for generating only aerodynamic drag or both drag and lift 
simultaneously. The angle of attack (inclination angle) on the aerodynamic drag and lift 
generation can play a crucial role. Generally, the majority of the aerodynamic drag is 
generated by the body shape which is predominantly form or pressure drag. Therefore, 
the projected frontal area represents a significant factor in aerodynamic drag generation.  
Grappe et al. (1997) pointed out that the position of the athlete’s body should be 
constantly monitored and analysed in order to ensure that the athlete adopts the most 
aerodynamic position at all times during the event in order to obtain better performance. 
The body position of cyclists and ski jumpers has been extensively studied and analysed 
by bio-mechanists over a long period of time. Kyle, Brownlie, Harber, MacDonald, & 
Shorten (2004) and Di Prampero, Cortili, Mognoni, & Saibene (1979a) demonstrated 
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that some positions are more aerodynamically efficient than others. Capelli et al. (1993), 
Oggiano, Leirdal, Saetran, & Ettema (2008), Oggiano & Sætran (2008) and Kyle (2003) 
showed that importance of drag reduction the bicycle itself.  
During such sporting events different body parts experience incoming air differently, for 
example, in ski jumping, the athletes attempt to streamline their body to minimise the 
frontal area and consequently their aerodynamic drag during the in-run phase. During 
flight phase, the trunk, arms and legs are positioned in such a way that the jumping 
distance is maximised. Thus, the minimisation of drag and maximisation of lift is highly 
dependent on the body position during the in-flight phase. In cycling, the cyclist body 
parts face on coming wind differently (i.e., various angles of attack). Therefore, 
aerodynamic drag reduction is largely based on the position of different body parts. 
Under the optimal body configuration adapted in high-speed sports, additional 
aerodynamic advantages beyond drag reduction can be possible through manipulating 
the flow regimes over various body parts together with the use of appropriate fabrics. 
1.2.3 Fabric Properties 
Sports garments are generally made of natural or synthetic materials and are 
manufactured with various textile manufacturing techniques. The parameters affecting 
the aerodynamic properties (drag and lift) of fabrics are the surface roughness, seam 
position, fibre orientation and the air permeability. The importance of the aerodynamic 
attributes of fabric materials used in garment manufacturing has been highlighted in 
numerous studies (Kyle et al., 2004; Brownlie, 1992; Oggiano, Saftran, Loset, & 
Whitner, 2004; Moria et al., 2010; Brownlie et al., 2009). Studies by Dias & 
Delkumburewatte (2008) reported a relationship between the surface profile and fabric 
construction parameters. The surface roughness and air permeability of the fabric can be 
controlled by different knitting parameters (Oggiano et al., 2009; Spencer, 2001). 
Hoerner (1952) and Epps & Song (1992) reported that aerodynamic drag and lift may 
have direct relation with the air permeability of the fabrics, whereas Moria et al. (2011) 
indicated that surface roughness of the fabric has direct relationship with the flow 
regime.  
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The surface characteristics of sport fabric can potentially exhibit significant influences 
on aerodynamic properties (lift and drag) and flow transitions from laminar to turbulent. 
Surface roughness is an important parameter for lift and drag due to the transitional 
properties at the boundary layer. Sport fabrics represent a wide spectrum of surface 
morphologies and thus can exhibit wide boundary layer behaviour. It should also be 
noted that fabric surface are arrayed with regular pattern of stitches; the orientation of 
these stitches or the fibres within the garment can potentially have further effects on 
aerodynamic properties. No study has as yet been reported addressing such overall 
parameters of garments in the open literature. 
1.2.4 Garment Construction 
Sport garment is generally made of multiple panels or pieces of fabric joined together 
by using seams or fasteners. The prominence of the seam (position and size) may have 
effect on drag and lift since it can change air flow regime locally. Kyle et al. (2004) and 
Brownlie et al. (2004) mentioned that reduction of aerodynamic drag of bicycle racing 
garments is possible by using different fabrics in different zones of the body parts by 
taking advantage of aerodynamic behaviour. Brownlie (1992) studied the effects of trip 
wire at transition point for drag reduction. Notably in a ski jumping suit, the seam is 
significantly larger in size compared to cycling garment (skin suit) since the thickness 
of the ski jumping suit material is about an order of magnitude larger. Thus the seam in 
various garments used in high-speed sports can potentially has significant effect on 
aerodynamic performance. The effect on the aerodynamic behaviour of garment seam 
has also not been well studied. 
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1.3 Techniques to Evaluate Aerodynamic Properties of Sports 
Garments 
There are mainly two different approaches usually are used to assess the aerodynamic 
characteristics and evaluation of sports fabrics and garments: 
(a) Experimental techniques either with wind tunnel experiments or field testing 
(b) Computational methods 
1.3.1 Experimental Methods 
Experimental techniques consist of wind tunnel testing either with a full-size or a scale 
model. The wind tunnel provides a simulation that approximates the flow over an 
experimental model within a controlled environment. The accuracy of such a simulation 
depends on the extent to which the environment is replicated in the wind tunnel, the 
geometric accuracy of the model, and the wind speed matched to competition conditions 
in terms of Reynolds number. In wind tunnel testing, the speed and direction of the flow 
can be held constant. Hence, the measurements made in a wind tunnel are generally 
very repeatable.  Prior studies have been primarily carried out in wind tunnels utilising 
mannequins with sports garments where Kyle & Caiozzo (1986), Brownlie (1992), 
Moria et al. (2010, 2011), Oggiano et al. (2009) and Konopov et al. (2010) used wind 
tunnel for drag measurement of sports fabrics using cylinders. 
In a wind tunnel study, air flow is generally visualised using smoke and wool tufts. 
Brownlie (1992) used such flow visualisation using wool tufts to understand the flow 
around a mannequin for testing of cycling garments in the wind tunnel. Beside these, 
flow visualisation technique, such as helium bubble and china clay, are also used 
frequently (Smits & Lim, 2000). These techniques are generally used to understand the 
flow patterns around the test objects in the wind tunnel for qualitative analyses. 
Three major types of wind tunnel are generally used for aerodynamic evaluation: (a) the 
open jet test section, (b) closed-wall test section, and (c) the slotted-wall test section 
(Barlow, Rae, & Pope, 1999). Each of these wind tunnels has their relative advantages 
and disadvantages. Regardless of wind tunnel type the most important consideration is 
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the level of turbulence and blockage ratio. These two parameters of the wind tunnel 
must be low enough to provide an acceptable flow pattern with minimum interference. 
In this study, a close return circuit wind tunnel is used. The wind tunnel has low 
turbulence level as measured by about 1.8% and the maximum blockage ratio for the 
full-scale test was less than 10%. This wind tunnel was also used to evaluate the 
aerodynamic forces for other sports equipment, such as base ball (Alam, Ho, 
Chowdhury, & Subic, 2011a), football (Alam, Chowdhury, Moria, & Fuss, 2010a), golf 
ball (Alam et al., 2011b), cricket ball (Alam, La Brooy, & Subic, 2007) and badminton 
shuttlecock (Alam, Chowdhury, Theppadungporn, & Subic, 2010b). 
1.3.2 Computational Methods 
Computational Fluid Dynamics (CFD) modelling has made considerable progress 
recently in the evaluation of aerodynamic forces and moments, and other aeronautical 
applications, especially in aircraft and spacecraft design, as many of these problems are 
time independent. Meile et al. (2006) explored the aerodynamic effects of various ski 
jumping parameters with experimental and CFD simulation and concluded that the 
aerodynamic behaviour of ski jumpers could be determined experimentally with 
confidence whereas current CFD capabilities are limited to adequate simulation of  the 
aerodynamic forces. To evaluate the behaviour of the surface profile, interaction with 
fluid flow using CFD modelling of the surface profile at the micro-scale level is 
required  which is at present limited due to computational capability (Meile et al.,  
2006). However, CFD can be useful for flow visualisation and understanding general 
flow phenomenon. To date, although some simplified numerical solutions do exist for 
specific problems relating to aerodynamic evaluation, there is not yet a single agreed 
method to deal with the problem of aerodynamic behaviour of sport garment. 
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1.4 Current Aerodynamic Studies on Sports Fabrics and 
Garments 
The number of published research articles in this area is significantly limited. The 
limited publications may be categorised according to by study parameters. Table 1.2 
summarises these distributions. 
Table 1.2: Summary of related published research work 
 Kyle & 
Caiozzo 
(1986) 
Brownlie 
(1992) 
Oggiano et al. 
(2009) 
Konopov et 
al. (2010) 
Moria et 
al. (2010, 
2011) 
Methodology Wind tunnel Wind tunnel, 
Field test 
Wind tunnel Wind tunnel Wind 
tunnel 
      
Model Full-scale 
Mannequin 
Cylinder, 
Full-scale 
Mannequin 
Cylinder, 
leg section 
Cylinder Cylinder 
      
Seam position No No No No Yes 
      
Surface 
roughness 
No Yes Yes No No 
      
Stitch 
orientation 
No No No No No 
      
Angle of 
attack 
No No No No No 
 
Table 1.2 indicates that there is a significant knowledge requirement in the 
comprehensive understanding of fabrics and garments under a range of aerodynamic 
conditions. As seen, no study has been undertaken to detail the aerodynamic effect of 
surface roughness of the fabric, the effect of stitch orientation, seam position on 
garments especially under the imposition of inclination with respect to the wind 
direction. 
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1.5 Research Questions 
In light of the need for a quantitative understanding between sport fabric and garment 
and their aerodynamic behaviour, especially in high-speed sports, the research questions 
in this research project are formulated as follows: 
(i) What are the important parameters that can influence the aerodynamic 
properties (drag and lift) of fabrics and garments used in high-speed 
sports? 
(ii) How can the aerodynamic properties of fabrics be quantified for different 
sports using a cylinder model? 
(iii) How the fabric properties (surface roughness and stitch orientation) and 
seam position can be correlated with aerodynamic properties? 
(iv) How can the aerodynamic properties of sports garments be quantified 
using full-scale test methodologies? 
(v) How can the cylinder test data be correlated with full-scale tests? 
(vi) How can such quantitative data be used to design and manufacture the 
engineered garments for high-speed sports (e.g., ski jumping and 
cycling)? 
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1.6 Rationale and Scope 
As noted, the focus of the research is on comprehensive evaluation of aerodynamic 
behaviour of sport garments used in ski jumping and cycling sports to determine 
aerodynamic efficiency and impact.  
In this thesis, the drag and lift characteristics of a number of sports fabrics are evaluated 
in various configurations together with the implications of this behaviour for the design 
of garments in such high-speed sports. Two sports are selected based on speed ranges 
and characteristics. One is ski jumping where the speed ranges between 90 and 100 
km/h. Another one is cycling where the speed is in relatively lower ranging from 30 to 
60 km/h. For ski jumping, both lift and drag optimisation are important as the ski 
jumper become airborne during the flight phase. On the other hand, only the 
minimisation of aerodynamic drag is paramount in cycling. Full-scale evaluation for ski 
jumping and cycling are also conducted. Full-scale mannequin and human athlete test 
data are correlated with standardised cylinder test data. 
In doing so, this research establishes a relationship between the surface parameters of 
the fabric with its respective aerodynamic properties (drag and lift coefficients). At 
present, this relationship has not been reported in the literature.  
1.7 Overview of Thesis 
The current body of knowledge relevant to this research area is discussed in Chapter 1. 
Chapter 2 reviews the fundamental theories of aerodynamics related to surface 
roughness. A detailed description of physiological and aerodynamic drag and lift in ski 
jumping and cycling is provided. The speed range, athlete’s body position for cycling, 
flight characteristics in ski jumping are illustrated and analysed.   
Chapter 3 describes the instrumentation and experimental facilities used in this research. 
A detailed description of RMIT research wind tunnel including the data acquisition 
system used for aerodynamic force measurements is given together with calibrations 
details.  
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Chapter 4 explains the physical properties of fabrics and surface profiles. Detailed 
analysis of each fabric surface is undertaken using optical and electron microscopes. A 
detailed description of electron microscopic technique used to obtain the 3D 
measurements of the surface texture of all samples is given. This chapter also describes 
a standard fabric test methodology using cylinders as well as decomposition of human 
body. The Chapter also provides a detailed description of full-scale testing 
methodologies for the measurement of aerodynamic drag and lift for ski jumping and 
cycling suits. Detailed descriptions of tested ski jumping and cycling suits are also 
provided. A video repositioning system and a system for the measurement of projected 
frontal area are also provided. 
In Chapter 5, the results using the cylinder test methodology for aerodynamic effects of 
the fabric surface texture, stitch orientation with respect to wind direction and seam 
position are provided. The aerodynamic drag coefficient and lift coefficient as a 
function of Reynolds number, relative roughness, stitch orientations and angle of attack 
for each fabric sample are graphed. The variations of drag and lift coefficient with 
Reynolds number are analysed and correlations between relative surface roughness, 
drag and lift coefficients, and Reynolds numbers are established. In addition, a 
functional relationship between drag to lift ratio and Reynolds number is formulated 
and its application is described.  
Chapter 6 discusses the results obtained for full-scale measurements of aerodynamic 
drag and lift of ski jumping and cycling suits over a range of Reynolds numbers. The 
variation of drag and lift coefficients with Reynolds numbers both for ski jumping and 
cycling suits is discussed in this chapter. Detailed comparative analyses of results are 
provided for the cylindrical and full-scale tests and a correlation between the cylinder 
and full-scale test is ascertained. The airflow around the cylinder, cyclist, skies and ski 
jumpers is visualised using wool tuft and smoke and the flow characteristics are 
discussed. 
Chapter 7 outlines the general and specific conclusions from this research and the 
suggestions for further study. 
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Chapter 2 
Sports Aerodynamics 
 
2.1 Basic Aerodynamics 
Aerodynamic forces are composed of normal (pressure) forces and tangential 
(frictional) forces. They occur due to the fluidity of air and are extremely geometry 
dependent. Fluid deforms continuously and permanently under the application of a 
shear stress. Important properties of an ideal fluid influencing such forces are density, 
specific weight, specific gravity and viscosity. Air temperature and atmospheric 
pressure also have effects. The drag coefficient, CD = drag force / (area × dynamic 
pressure), where, dynamic pressure is represented by q = ½ρV² (where, ρ is fluid density 
and V is the speed of the fluid) and the drag force is measured in the direction of relative 
flow. Flow exists as two types—laminar and turbulent. In laminar flow, imaginary 
layers of fluid slide smoothly over one another while in turbulent flow, the boundary 
layer is composed of vortices that increase surface friction. A thin layer of fluid near the 
surface in which the velocity changes from zero at the surface to the free stream value 
away from the surface is called the boundary layer (Zdravkovich, 1997). Figure 2.1 
shows the boundary layer on a circular cylinder. 
For cyclists and ski jumpers, pressure effects are much larger than friction due to a non-
streamlined body. Streamlined bodies incorporate gradual tapering to minimise pressure 
effect and separation of fluid. Boundary layer separation occurs when the portion of the 
boundary layer closest to the wall or leading edge reverses in flow direction and the 
overall boundary layer initially becomes thicker suddenly and the fluid flow becomes 
detached from the surface of the object by the reversed flow (Granger, 1985).  
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Figure 2.1: Boundary layer on a circular cylinder (from Zdravkovich, 1997) 
Figure 2.2 illustrates the velocity profile in the boundary layer flow separation. Thus, 
flow separation may often cause drag increase, especially the pressure drag. Generally, 
cyclists and ski jumpers are considered as bluff bodies, where a bluff body can be 
defined as an irregular shaped object which has the dimension of the width of the same 
order as the dimension of length (Brownlie, 1992). Primarily, a bluff body is affected by 
the pressure drag. There are significant regions of separation from the body which lead 
to turbulent flow conditions around the body (Brownlie, 1992). 
 
Figure 2.2: Boundary layer flow separation (from Granger, 1985) 
In general, with the fluid dynamics of a solid object moving through a fluid, the drag is 
the component of the net aerodynamic or hydrodynamic force acting opposite to the 
direction of the movement. The component perpendicular to this direction is considered 
as lift. Therefore, drag opposes the motion of the object, which is nominally known as 
air resistance or fluid resistance. Three main types of drag exist: (a) pressure or form 
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drag, (b) viscous or skin friction drag and (c) induced or parasitic drag. The magnitude 
of these drag forces largely depend on velocity, projected frontal area, and the wetted 
surface area of an object moving through such a fluid. The drag force (D) is expressed 
as: 
ACV
2
1
D D
2   (2.1) 
where,   is the density of the fluid, V  is the velocity of the object relative to the fluid, 
A  is a reference area (the area of the projection of the object on a plane perpendicular to 
the direction of motion), CD  is the drag coefficient (a dimensionless constant). 
Similarly, lift force is expressed as: 
ACV
2
1
L L
2   (2.2) 
where, L the lift force is perpendicular to the direction of drag force and CL is lift 
coefficient. 
The drag and lift coefficients are used to quantify the aerodynamic efficiency (benefit) 
of an object in a fluid environment such as air or water. CD is not a constant but varies 
as a function of speed, flow direction, object position, object size, fluid density and fluid 
viscosity. Speed, kinematic viscosity and a characteristic length scale of the object 
which are incorporated into a dimensionless quantity termed the Reynolds number (Re) 
defined as: 



 VdVdVlVl
Re   (2.3) 
Where, ρ is fluid density, V is velocity of fluid, μ is dynamic viscosity of the fluid, ν is 
the kinematic viscosity and l is a characteristic length scale of the object whereas for a 
cylindrical object, l is considered as the diameter (d) of the cylinder. For cyclist, l is 
considered as the diameter of the cyclist body (0.6 m) and for ski jumper, l is considered 
as the length of the ski jumper (1.78 m) (Brownlie, 1992). 
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In compressible flow, the speed of sound is relevant and CD is also a function of Mach 
number (M) defined as: 
c
V
M   (2.4) 
where, V is the relative velocity of the object to the medium and c is the speed of sound 
in the medium. The CD only depends on the Mach number when the speed of the object 
is more than or equal the speed of the sound. For low Mach number the drag coefficient 
is independent of Mach number. The maximum speed of any high-speed sports is less 
than 150 km/h. The maximum speed of ski jumping and cycling is less than 120 km/h 
which is equivalent to Mach number, M = 0.098. Hence, the effect of Mach number will 
not be considered in this study due to incompressible airflow. 
Figure 2.3 shows the relationship of CD and Re for air flow past a cylindrical geometry. 
The different flow regimes have also been shown in the figure. Here, the critical 
Reynolds number (Recrit) represents the particular Re at which the CD of the body is 
between subcritical and supercritical values (Hoerner, 1965). 
 
Figure 2.3: The relationship of CD and Re for air flow past a circular cylinder (from 
Achenbach, 1971) 
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Surface roughness has significant effect on flow transition which is defined as the 
change of flow from one regime to other (e.g., laminar to turbulent). Figure 2.4 shows 
the CD variation with Re for infinitely long cylinder and finite length cylinder. Early 
transition occurs through surface roughness at the transition point as shown in this 
figure. Also the “Critical Point” is shown as the lowest drag coefficient (CDmin) at a 
particular Reynolds number (Recrit). For rough surfaces, the flow transition occurs 
earlier whereas it is delayed for relatively smooth surface (Achenbach, 1971; Bearman 
& Harvey, 1993). 
Critical
Point
Transition
Point
 
Figure 2.4: CD as a function of Re (from Granger, 1985) 
The degree of roughness is usually expressed by a relative roughness parameter (ε) 
defined as: 
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d
k
   (2.5) 
where, k is the roughness height and d is the diameter of the test cylinder (Achenbach, 
1977). 
The flow around the cylinder and consequently the drag is influenced not only by the 
parameter k but also by the shape and the distribution of the external surface profiles. A 
number of different types of roughness have been studied by Fage & Warsap (1929) and 
Achenbach (1977) on cylinders where the results showed a strong dependence of drag 
on the roughness. In most cases, evaluations on a rough cylinders were carried out using 
sand roughness, artificially created by covering the test cylinder with different sand 
paper (from coarse to fine). The roughness parameter k represented in these cases is the 
mean height of the external surface profiles as shown in Figure 2.5. A more detailed 
analysis of the effect of roughness on cylinders was carried out by Achenbach (1977, 
1974, 1968) using pyramidal surface, where k was considered as the height of the 
pyramid considered as the average roughness height, Ra as described in international 
standards (i.e., ASME B46.1 and ISO 4287) and it is defined as: 

s
a dx)x(Z
s
R
1
  (2.6) 
where, Z is the surface height and s is width as shown in Figure 2.5. 
 
Figure 2.5: Pyramidal roughness (from Achenbach, 1977) 
Prior studies (Fage & Warsap, 1929; Achenbach, 1977, 1974) on surface roughness 
were based on 2D surface profile measurement. Generally, k is considered as a 
parameter which is related to the external surface profile present on the cylinder surface, 
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but at present there is no general way to define it. In this study, as the test bodies are 
usually covered with same fabric, the roughness height k corresponds to the average 
height of surface profile (Sa) of the fabric for a given area. This roughness parameter 
(Sa) is defined in the ISO 25178: Geometric Product Specifications (GPS) for 3D 
surface texture measurement expressed as: 

A
a dxdy)y,x(Z
A
S
1
  (2.7) 
where, A is the surface area. 
This 3D measurement technology is not only restricted to traditional contact 
measurement (e.g., Profilometer). It can also be applied to optical measurement using 
microscopes (Blateyron, 2006). Generally, fabric surface is easily deformable under any 
contact on the surface. Therefore, surface profile measurement using traditional contact 
measurement using a Profilometer may produce inaccurate results. In this study, a 
stereo microscopic technique was used to measure optically the 3D surface texture of 
the fabric. 
The flow transition around an athlete body from laminar to turbulent flow and the 
consequent drag reduction was predicted by Pugh (1971) where these findings were 
carried out on spheres and cylinders. The surface roughness of cylinders can shift the 
flow transition at lower Reynolds number significantly. Usually, the higher the 
roughness of the surface is, the lower the value of the critical speed. A similar behaviour 
was demonstrated by Achenbach (1968) and Bearman & Harvey (1993). The study 
focused on the effect of surface structure on flow transition from laminar to turbulent 
and the effect of such transition on the total drag of a circular cylinder. Achenbach 
(1971) showed the viscous drag to be only about 3% of the total drag for a cylinder 
under these conditions. However, the impact of surface roughness induced by fabrics 
has not been previously investigated which is difficult to interpret from published data 
on the model roughness discussed above. 
As underlying hypothesis examined here is that a fabric as characterised by a particular 
surface roughness causes boundary layer transition to occur at a unique azimuthal angle 
with a correspondingly unique integrated pressure drag. Since surface roughness 
generally promotes laminar boundary layer transition to turbulence, the role of the 
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fabric roughness is to reduce pressure drag thereby possibly promoting aerodynamic 
efficiency. At the same time, however, surface roughness in excess of the 
aerodynamically smooth limit increases viscous drag. The net effect of a particular 
fabric therefore depends on the relative balance between increased viscous drag and 
reduced pressure drag. 
Surface roughness in the form of dimples has been already implemented on golf balls in 
order to reach the critical Reynolds number at lower speeds to reduce the drag. This 
effect is commonly called “golf ball effect” (Alam et al., 2011b). The same effect can be 
used in order to reduce the drag on the cylindrical parts of the human body by covering 
with fabrics of different roughness. Here, roughness assists the flow regime close to the 
surface to become turbulent from laminar, thereby allowing the turbulent airflow to 
remain attached significantly longer resulting the delay of the flow separation. Although 
the turbulent regime requires greater fluid momentum energy and creates greater drag, 
however, by delaying the flow separation, it reduces the fluid momentum energy 
(Bearman & Harvey, 1993). Thus, in the long run the total drag is significantly lower 
compared to a smooth surface of a sphere. 
Kuper & Sterken (2008) analysed the performance of skating suits by using rough 
fabrics on the legs of the suits to trip the transition to turbulent at low Reynolds number. 
The study demonstrated that some suits significantly increased the average skating 
speed in long-distance events. Similar study by Brownlie, Kyle, Harber, MacDonald, & 
Shorten (2004) demonstrated that the Nike Swift skin cycling suit can increase the 
speed by up to 0.2-0.3 seconds per lap on a 400 m oval track by using different rough 
fabrics in various zones of the suit. 
The aerodynamic effects of seam positions have not been well studied in its sports 
garments. The effect of seam on cricket ball has a notable effect on aerodynamic 
behaviour as shown by Alam et al. (2007) and La Brooy, Alam, & Watmuff (2009). 
They found that the seam positions on a cricket ball have significant effect on the flow 
regime. The study by Alam et al. (2007) used the flow visualisation technique to explain 
the flow behaviour due to the seam using a scaled up cricket ball model (d = 450 mm) 
by artificially creating the surface roughness and seam (Figure 2.6). The figure shows 
the flow structure around a cricket ball with different seam positions and surface 
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roughness. The study revealed that the seam location close to the mean direction of the 
airflow at 0° (horizontal axis) has similar effect as smooth sphere without any seams or 
surface roughness. It also showed that the seam position at 30° delays flow separation. 
On the other hand, seam positions at 70° and 90° have minimal transitional effect. 
However, the seam positions at other angles (e.g., seam positions in between 30° to 70°) 
were not mentioned in their study. 
0 30 
70 90 
 
Figure 2.6: Different seam orientations with flow direction of cricket ball (from Alam et 
al., 2007) 
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2.2 Aerodynamics of Ski Jumping 
Ski jumping is one of the most complex acrobatic winter sports. In ski jumping, ski 
jumpers go down a hill with a take-off ramp to jump as far as possible after a successful 
landing on a target defined as “K point” which is marked by a line on the landing strip 
(Müller, & Schmölzer, 2005). This line is marked at 90 m and 120 m for short and long 
jump respectively. Points are allocated predominantly for the jump length; however, 
some points are also allocated for jumping style on a scale from 1 to 20 moderated by 
removing the highest and the lowest points awarded by the judges. Ski jumping consists 
of four main phases: (a) in-run, (b) take-off, (c) in-flight, and (d) landing (Müller, 2008; 
Schwameder, 2008). Several forces act on a ski jumper during these phases. The 
combination of these forces will dictate performance of the ski jump in in-flight 
position. Figure 2.7 shows the forces acting on ski jumper. Figure 2.7(a) shows the 
actual ski jumping situation in the in-flight phase where gravitational force (Fg) is not 
located at the same point as the mass centre. The ski jumper attempts to balance the 
pitching moment to adjust the mass centre, whereas in wind tunnel environment mass 
centre can be kept at same point as shown in Figure 2.7(b) (Schwameder, 2008). 
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(a) Real world situation (b) Wind tunnel study 
Figure 2.7: Forces acting on ski jumper 
The main forces during the in-run are drag, gravity, ski-snow friction and during the 
flight, the forces are gravity, lift and drag (Schwameder, 2008). Thus, the resultant force 
( TotalF ) can be expressed as: 
 LDFF gTotal   (2.8) 
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gF is the gravitational force that can be expressed as: 
mgFg   (2.9) 
where, m  and g are the mass of the ski jumper and the gravitational acceleration 
respectively. 
The drag force (D) acts in the opposition direction to the relative motion of the jumper 
with respect to air tending to slow down the relative velocity. D can be expressed as: 
ACVD D
2
2
1
   (2.10) 
where, CD, ρ, V and A are the aerodynamic drag coefficient, air density, jumper’s take-
off speed and projected frontal area of the ski jumper, skis and associated equipment 
respectively. 
The lift force (L) changes the direction of the relative motion of the jumper within air. L 
can be expressed as: 
ACVL L
2
2
1
   (2.11) 
where, LC ,  , V  and A  are the aerodynamic lift coefficient, air density, jumper’s 
flight speed and projected longitudinal area of the ski jumper, skis and associated 
equipment respectively. 
During the in-run and take-off phases, the ski jumper attempts to reach maximum 
velocity (Müller & Schmölzer, 2005). In the flight phase, the ski jumper tries to keep 
favourable body position in relation to wind direction to maximise the lift and minimise 
the drag to achieve the maximum jump distance. In landing phase, the aerodynamic 
drag is maximised and lift is minimised to achieve safe and artistic landing. 
Several factors including the initial ski jumper's body position and its changes at the 
transition to the flight phase, the magnitude and the direction of the velocity vector of 
the jumper's centre of mass, the magnitude of the aerodynamic drag and lift forces 
determine the trajectory of the ski jumper hence the total distance of the jump. Using the 
27 
 
modern V-technique (first introduced by a Polish ski jumper Mirosław Graf in 1969) the 
elite level ski jumpers can exceed the distance of the jump length by about 10 percent 
compared to the previous technique with parallel skis (Müller & Schmölzer, 2005). 
Therefore, it is clear that aerodynamic behaviour can play an important role in ski 
jumping performance. Figure 2.8 shows these four phases of ski jumping. 
The jump length greatly depends on the in-run velocity; the velocity perpendicular to 
the ramp due to the athlete’s jumping force; the lift and drag forces acting during the 
take-off and in-flight, and the mass of the jumper including equipment. The 
aerodynamic forces experienced by the ski jumper directly depend on the projected 
frontal area of the athlete’s body, body position in-flight, equipment and their positions. 
Studies by Murakami, Iwase, Seo, Ohgi, & Koyanagi (2010), Ito, Seo, & Asai (2009),  
Remizov (1984), Schwameder (2008), Seo, Watanabe, & Murakami (2004), Virmavirta 
et al. (2009), Virmavirta, Kivekäs, & Komi (2001) and Watanabe & Watanabe (1994) 
predominantly looked at the physiological (biomechanical), body positions and ski 
aspects of the ski jumper on aerodynamic effects using simulation, wind tunnel and in-
situ measurements. Such studies undoubtedly are extremely important in understanding 
the flight trajectory of the ski jumper and the overall aerodynamics of the ski jumping. 
Inrun Take-
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Figure 2.8: Different phases of ski jumping (adapted from Schmölzer & Müller, 2004) 
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According to numerical simulations by Schmölzer & Müller (2002), the jump length 
would increase by 1.8 m if the lift can be increased by 1% throughout the whole flight 
while on the other hand, an increase of drag by 1% would decrease the jump length by 
1.2 m. Meile et al. (2006) tested ski jumping suits with scaled models. The study 
showed that a few percent improvements in lift may lead to larger jump lengths. Here, 
they concluded that the small improvement may have decisive influence on the length 
of the flight path. The effects of ski garments on aerodynamic performance of the ski 
jumper at the full-scale have not been studied and little understood. 
As the total duration of the flight trajectory for the ski jumper is very short (~ 4 
seconds), the ski jumper needs to synchronise the body and ski positions very quickly. 
In order to maximise the achievable jump length, the athlete varies the angle of attack of 
body parts and skis during the flight (Seo et al., 2004). During the initial phase, the drag 
has a negative impact on the nearly horizontal motion as it reduces the flight velocity. 
At the later phases, the flight becomes steeper and the vertical component of the drag 
(against gravity) supports raising the flight path. Simultaneously, the lift component in 
horizontal direction increases, which is beneficial for the larger jump lengths. The 
optimum flight style differs significantly from one jumper to the other due to 
anthropometrical differences and different motor abilities (Murakami et al., 2010). 
Although several full-scale experimental arrangements in wind tunnels by Müller 
(2008), Ito et al. (2009) and Seo et al. (2004) have been reported in the literature, none 
of these arrangements was optimal for the comprehensive evaluation of the 
aerodynamic behaviour of the ski jumper, skis and ski suits. A full-scale experimental 
arrangement was required to develop for the aerodynamic evaluation for ski jumping 
suits. The experimental arrangement will be discussed in Chapter 3 in detail. 
2.2.1 Aerodynamic Evaluation of Ski Jumping Suit 
In order to determine the test parameters for the aerodynamic evaluation of ski jumping 
suit, it is necessary to analyse the characteristics and the physiological parameters of the 
sport. Speeds, position of different parts of the body during different phase of the jump 
are very important parameters that are related aerodynamic properties of the suit. 
Therefore, the following parameters were analysed: 
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 Body position 
 Speed 
 Time contribution 
Three Winter Olympic Games data were analysed to select the evaluation speeds. Table 
2.1 listed the results of the 10 top ski jumpers for the last three Winter Olympics Games 
for long hill jumps. The results confirm that the take-off speed plays a vital role in the 
jump distance. In order to maximise the take-off speed, the ski jumper needs to adjust 
the body position to minimise the projected frontal area by streamlining the body as 
practically as possible in order to reduce the aerodynamic drag. The results from these 
three Olympic Games also indicate that there are other factors including the ramp 
design, equipment and ski jumping suits might have notable effects on the final 
outcome of the results. For ski jumping, the average speeds were found to be in between 
90 and 100 km/h. 
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Table 2.1: Final results of top 10 athletes at 2010, 2006 and 2002 Winter Olympics for 
long hill jumps (adapted from Olympic.org) 
a: Vancouver (2010) 
Rank Name Country 
Maximum 
Distance (m) 
Speed 
(km/h) 
Total Points 
1 Simon Ammann Switzerland 144 92.8 283.6 
2 Adam Małysz Poland 137 92.2 269.4 
3 Gregor Schlierenzauer Austria 136 92 262.2 
4 Andreas Kofler Austria 135 91.3 261.2 
5 Thomas Morgenstern Austria 129.5 92.9 246.7 
6 Michael Neumayer Germany 130 92.7 245.5 
7 Antonin Hajek Czech Republic 129 92 240.6 
8 Noriaki Kasai Japan 135 92.1 239.2 
9 Robert Kranjec Slovenia 135.5 91.6 233.7 
10 Wolfgang Loitzl Austria 129.5 93.1 230.3 
      Average speed= 92.27   
      
b: Turin (2006) 
Rank Name Country 
Maximum 
Distance (m) 
Speed 
(km/h) 
Total Points 
1 Thomas Morgenstern Austria 140 96.9 276.9 
2 Andreas Kofler Austria 139.5 96.3 276.8 
3 Lars Bystoel Norway 131.5 96 250.7 
4 Roar Ljoekelsoey Norway 131 96.2 242.8 
5 Matti Hautamaeki Finland 129.5 96.1 242.4 
6 Andreas Kuettel Switzerland 127 96.2 239.1 
7 Bjoern Einar Romoeren Norway 128.5 95.9 238.2 
8 Takanobu Okabe Japan 128.5 94.9 236.8 
9 Janne Ahonen Finland 128.5 96.2 234.1 
10 Jakub Janda Czech Republic 128 95.4 230.5 
      Average speed= 96.01   
      
c: Salt Lake City (2002) 
Rank Name Country 
Maximum 
Distance (m) 
Speed 
(km/h) 
Total Points 
1 Simon Ammann  Switzerland 133 93 281.4 
2 Adam Malysz Poland 131 93 269.7 
3 Matti Hautamaeki Finland 127 93.5 256 
4 Sven Hannawald Germany 132.5 93.7 255.3 
5 Stefan Horngacher Austria 125 93.4 247.2 
6 Andreas Kuettel Switzerland 125 93.5 245.6 
7 Kazuyoshi Funaki Japan 126.5 93.7 245.5 
8 Martin Koch Austria 126 93.2 244.5 
9 Janne Ahonen Finland 124 93.8 241.5 
10 Martin Schmitt Germany 126 93.8 240.4 
      Average speed= 93.46   
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Figure 2.9: Field research results of 19th Olympic Winter Games in 2002 (from 
Schmölzer & Müller, 2004) 
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Figure 2.9 shows the data measurement with variations for angle of attack (α), angle of 
attack with respect to horizontal axis (αH), body angle (), hip angle (γ) and angle 
between two skis (V angle) of 20 top ski jumpers. These field data were further analysed 
to determine the percentage contribution of time for different body parts (legs, trunk, 
arms) during the total duration of flight time  (3.63 s). Table 2.2 presents the calculation 
for time contribution for 4 different leg positions during total flight. Total time (3.63 s) 
is divided into 4 segments depending on the rotation of the legs. The calculations in 
Table 3.2 show that 45% of total time is contributed with an average angle of attack of 
46° and at the rotation of 30°. The aerodynamic evaluation for ski jumping will be 
carried out at this configuration. Similarly Table 2.3, Table 2.4 and Table 2.5 represent 
the time contribution calculations for trunk, arm and V angles respectively. 
Table 2.2: Leg angle and rotation 
Segment 
Rotation 
(°)  
Time (s) 
Angle of 
Attack (°)  
Average Angle 
(°) for each 
segment 
Time position 
is held 
Average Time 
(s) for each 
segment 
Percent 
Contribution of 
Total Flight 
1 0 
0 62.7 
63 
0 
0.21 6% 0.04 62.4 0.04 
0.21 63.4 0.17 
2 11 0.63 47.3 47 0.42 0.42 12% 
3 30 
1.05 44.4 
46 
0.42 
1.63 45% 
1.43 46.2 0.38 
2.04 46.7 0.61 
2.26 48.2 0.22 
4 30 
2.71 51.6 
54 
0.45 
1.37 38% 3.26 53.4 0.55 
3.63 56.2 0.37 
Table 2.3: Trunk angle and rotation 
Segment 
Rotation 
(°)  
Time 
(s) 
Angle of 
Attack (°)  
Average Angle 
(°) for each 
segment 
Time 
position is 
held 
Average Time 
(s) for each 
segment 
Percent 
Contribution of 
Total Flight 
1 0 
0 8.1 
16 
0 
0.21 6% 0.04 18.9 0.04 
0.21 19.9 0.17 
2 0 0.63 21.4 21 0.42 0.42 12% 
3 0 
1.05 20.1 
22 
0.42 
1.63 45% 
1.43 22.8 0.38 
2.04 21.4 0.61 
2.26 22 0.22 
4 0 
2.71 26 
30 
0.45 
1.37 38% 3.26 30.7 0.55 
3.63 34.5 0.37 
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Table 2.4: Arm angle and rotation 
Segment 
Rotation 
(°)  
Time 
(s) 
Angle of 
Attack (°)  
Average Angle 
(°) for each 
segment 
Time 
position is 
held 
Average Time 
(s) for each 
segment 
Percent 
Contribution of 
Total Flight 
1 5.3 
0 8.1 
16 
0 
0.21 6% 0.04 18.9 0.04 
0.21 19.9 0.17 
2 5.3 0.63 21.4 21 0.42 0.42 12% 
3 5.3 
1.05 20.1 
22 
0.42 
1.63 45% 
1.43 22.8 0.38 
2.04 21.4 0.61 
2.26 22 0.22 
4 5.3 
2.71 26 
30 
0.45 
1.37 38% 3.26 30.7 0.55 
3.63 34.5 0.37 
 
Table 2.5: V angle of the skis 
Segment 
V-angle 
(°)  
Time 
(s) 
Angle of 
Attack (°)  
Average Angle 
(°) for each 
segment 
Time 
position is 
held 
Average Time 
(s) for each 
segment 
Percent 
Contribution of 
Total Flight 
1 0 
0 -10.5 
-9 
0 
0.21 6% 0.04 -12.7   
0.21 -4.5 0.21 
2 11 0.63 11.8 12 0.42 0.42 12% 
3 30 
1.05 6.7 
2 
0.42 
3 83% 
1.43 5.7 0.38 
2.04 2 0.61 
2.26 0.2 0.22 
    
2.71 1 0.45 
3.26 -0.3 0.55 
3.63 -1.7 0.37 
Table 2.6 summarises the test parameters for the wind tunnel study to evaluate the 
aerodynamic properties (lift and drag) related to arm, trunk, leg and ski position of a ski 
jumper. Figure 2.10 shows the angles superimposed on a ski jumper in in-flight 
position. Details of this angular position will be discussed in Chapter 4. 
Table 2.6: Test parameters for ski jumping 
Body segment 
Position 
Angle of attack (°) Rotation (Yaw) (°) 
Arm 30 5.3 
Trunk 30 0 
Leg 45 30 
Ski angle 12 15 
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4
1
2
 
Figure 2.10: Angular positions of different body segments of ski jumper and skies in the 
flight position (adapter from Schmölzer & Müller, 2004) 
2.3 Aerodynamics of Cycling 
As noted, aerodynamic behaviour is an integral and most important part of the 
competitive cycling. On a flat path, the aerodynamic drag is the greatest obstacle to a 
cyclist's forward motion, accounting for almost 50% to 90% of the total resistance 
depending on the cyclist speeds and body positions. For example, Kyle & Caiozzo 
(1986) reported that the contributions of aerodynamic effects to the total drag were 50% 
at 3.6 m/s and 90% at 8.9 m/s, whereas other researchers (Lukes et al., 2005) stated that 
the aerodynamic contribution was 50% at 8.75 m/s for the mountain bicycle. Despite the 
variation in aerodynamic contribution at different speeds, it is clear that the 
aerodynamic contribution is very significant. The total resistance ( TotalF ) encountered 
by a cyclist including aerodynamic drag can generally be expressed as:  
SARTotal FFFDF   (2.12) 
D is aerodynamic drag that can be expressed as: 
ACVD D
2
2
1
   (2.13) 
where, DC ,  , V and A  are the aerodynamic drag coefficient, air density, cyclist speed 
and projected frontal area of the cyclist, bicycle and associated gears respectively. 
RF is rolling resistance between wheels and road surface that can be expressed as: 
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mgCF RR   (2.14) 
where, RC , m  and g  are the coefficient of rolling resistance, total mass and 
gravitational acceleration respectively. 
AF  is the force required to accelerate that can be expressed as: 
amFA    (2.15) 
where, m  and a  are the total mass and linear acceleration. 
SF is the upward slope resistance that can be expressed as: 
gmKFS   (2.16) 
where, K , m  and g  are the slope (non-dimensional parameter), total mass (cyclist, 
bicycle and other accessories) and gravitational acceleration respectively. 
The total power required (P) to overcome the total resistance ( TotalF ) is defined as: 
VF
t
s
FP TotalTotal    (2.17) 
where, s , t  and V  are the total distance, total time and the average velocity respectively. 
The total resistance equation (2.12) is valid only for no wind conditions. If there is 
appreciable wind, the velocity V  should be placed with RV  which is a function of 
velocities of the cyclist and the wind and the angle of wind velocity with the mean 
direction of the cyclist velocity. On a flat path with constant velocity, the Equation 
(2.12) simplifies to: 
RFDF   (2.18) 
as AF  and SF  are approximately zero (Kyle & Caiozzo, 1986). Figure 2.11 shows the 
forces acting on a cyclist. 
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Figure 2.11: Forces acting on a cyclist 
Equation (2.13) shows that aerodynamic drag is approximately proportional to the 
square of the wind speed. Being that the total power requirement as shown in equation 
(2.17) to propel the bicycle forward is a sum of these two variables (drag and rolling 
resistances) multiplied by the speed, the degree of proportionality between power 
requirement and speed varies according to their relative magnitude, in an interval 
between the linear and cube: at high-speeds (e.g., on a flat path) power required will be 
close to being a cube function of the speed, at lower speeds (e.g., climbing a steep hill) 
it will be close to being a linear function of the speed (Capelli et al., 1993). 
Apart from the cyclist, the complete bicycle assembly interacts with the oncoming 
airflow. The bicycle accounts around 31% to 39% of the total aerodynamic resistance 
depending on the bicycle type (Kyle & Caiozzo, 1986; Lukes et al., 2005) and a small 
contribution comes from other associated equipment such as cycling suit and helmet. 
Prior studies (Faria, Parker, & Faria, 2005; Faria, 1992; Jekendup, & Martin, 2001; 
Lucia, Earnest, & Arribas, 2003; Defraeye, Blocken, Koninckx, Hespel, & Carmeliet,  
2010) reported that the cyclist body position along with a helmet and suit can 
significantly minimise the aerodynamic drag experienced by the cyclist at all stages of 
racing be it road racing or time trial. There are three main positions commonly used by 
professional cyclists depending on the type of racing and profile of the terrain. These 
positions are: (a) upright position, characterised by the hands on the upper part of the 
handlebars, is mainly used when pulling up on the handlebars to ride in hill terrain (see 
Figure 2.12(a)), (b) dropped position, the hands on the bottom of the handlebars, is 
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adopted at high speed to minimise projected frontal area (see Figure 2.12(b)) and (c) 
time trial position,  when the elbows are placed on the pads of the aero-handlebars, is 
believed to be the best aerodynamic position to overcome the aerodynamic drag (see 
Figure 2.12(c)). 
 
Figure 2.12: Different cycling positions: (a) upright (b) dropped (c) time trial (from 
Defraeye et al., 2010) 
Over the last 50 years, a number of studies (Faria, 1992; Jekendup & Martin, 2001; 
Lucia et al., 2003; Takaishi et al., 2002; Wolski, McKenzie, & Wenger, 1996) have 
reported on cycling aerodynamics primarily focusing on athlete’s physiological aspects 
and cycling accessories. Several studies by Kyle (2003) and Lukes et al. (2005) were 
conducted on the cyclist body configuration. On the other hand, studies by Kyle & 
Caiozzo (1986) and Brownlie, Gartshore, Chapman, & Bannister (1991) indicate that 
the sports apparel can make impact on the aerodynamic drag reduction. Additionally, 
studies by Alam et al. (2010c), Reid & Wang (2000) looked at the aerodynamics and 
thermal comfort of different bicycle helmets. The study by Alam et al. (2010c) showed 
that the helmet can produce up to 8% of the total aerodynamic drag depending on the 
shape and venting features of the helmet. 
Although a significant number of studies have been published, little information on 
detailed full-scale testing methodology (including cyclist body configuration, bicycle, 
suit and helmet) is readily available. Therefore, a full-scale experimental testing 
methodology is required to develop for the aerodynamic evaluation of the cyclist 
including skin cycling suit in a wind tunnel environment. A testing methodology was 
developed for this study which will be covered in Chapter 3. 
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2.3.1 Test Parameters for Cycling Suit 
As mentioned earlier, speed and body configuration are the most important parameters 
for aerodynamic evaluation of cycling suit. These parameters were determined by 
analysing the previous published the Tour de France 2010 and 2011 data. 
The Tour de France, an annual bicycle racing that covers more than 3,600 kilometres 
over three weeks, is broken into day long segments, termed stages. Individual times to 
finish each stage are aggregated to determine the overall winner at the end of the race. 
Table 2.7 and 2.8 show the Tour de France 2010 and 2011 data and Table 2.9 
summarises the results. 
The Tour de France 2010 and 2011 results showed an average speed (of all 21 stages) 
was around 42 km/h. However, the average speed in the time trial stage is over 51.50 ± 
1.0 km/h. Although the average speed in mountain stages is slightly below 40 km/h, the 
maximum speed in downhill stages can easily exceed to 100 km/h. For cycling, the 
design speed was selected within the range from 30 to 60 km/h. For time trial event the 
design speed range was selected from 50 to 60 km/h. The angle of different parts of the 
cyclist body will be discussed in Chapter 4. 
Table 2.7: Tour de France 2010 data (adapted from official website: letour.fr) 
Stage Type 
Distance 
(km) 
Time 
(minimum) 
Velocity 
(km/h) 
P Time trial 8.9 10"00' 00" 53.4 
1 Flat stage 223.5 5h 09' 38" 43.3 
2 Flat stage 201.0 4h 40' 48" 42.9 
3 Flat stage 213.0 4h 49' 38" 44.1 
4 Flat stage 153.5 3h 34' 55" 42.9 
5 Flat stage 187.5 4h 30' 50" 41.5 
6 Flat stage 227.5 5h 37' 42" 40.4 
7 Medium mountain stage 165.5 4h 22' 52" 37.8 
8 Mountain stage 189.0 4h 54' 11" 38.5 
9 Mountain stage 204.5 5h 38' 10" 36.3 
10 Medium mountain stage 179.0 5h 10' 56" 34.5 
11 Flat stage 184.5 4h 42' 29" 39.2 
12 Flat stage 210.5 4h 58' 26" 42.3 
13 Flat stage 196.0 4h 26' 26" 44.1 
14 Mountain stage 184.5 4h 52' 42" 37.8 
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15 Mountain stage 187.5 4h 44' 51" 39.5 
16 Mountain stage 199.5 5h 31' 43" 36.1 
17 Mountain stage 174.0 5h 03' 29" 34.4 
18 Flat stage 198.0 4h 37' 09" 42.9 
19 Time trial 52.0 1h 00' 56" 51.2 
20 Flat stage 102.5 2h 42' 21" 37.9 
  Total 3,641.9 km 91.34 h   
 
Table 2.8: Tour de France 2011 data (adapted from official website: letour.fr) 
Stage Type 
Distance 
(km) 
Time 
(minimum) 
Velocity 
(km/h) 
1 Flat stage 191.5 4h 41′ 31″ 40.81 
2 Time trial 23 24′ 48″ 55.65 
3 Flat stage 198 4h 40′ 21″ 42.38 
4 Flat stage 172.5 4h 11′ 39″ 41.13 
5 Flat stage 164.5 3h 38′ 32″ 45.16 
6 Flat stage 226.5 5h 13′ 37″ 43.33 
7 Flat stage 218 5h 38′ 53″ 38.6 
8 Medium mountain stage 189 4h 36′ 46″ 40.97 
9 Medium mountain stage 208 5h 27′ 09″ 38.15 
10 Flat stage 158 3h 31′ 21″ 44.85 
11 Flat stage 167.5 3h 46′ 07″ 44.45 
12 Mountain stage 211 6h 01′ 15″ 35.05 
13 Mountain stage 152.5 3h 47′ 36″ 40.2 
14 Mountain stage 168.5 5h 13′ 25″ 32.26 
15 Flat stage 192.5 4h 20′ 24″ 44.35 
16 Medium mountain stage 162.5 3h 31′ 38″ 46.07 
17 Mountain stage 179 4h 18′ 41.63 
18 Mountain stage 200.5 6h 07′ 56″ 32.7 
19 Mountain stage 109.5 3h 13′ 25″ 33.97 
20 Time trial 42.5 55′ 33″ 45.9 
21 Flat stage 95 2h 27′ 02″ 38.77 
  Total 3,430 km 85.78 h  
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Table 2.9: Summary results: Tour de France 2010 and 2011 
(a) Tour de France 2010 
Stage Type Number of stage Average Speed (km/h) 
Time trial 2 52.30 
Flat stage 11 42.37 
Medium mountain stage 2 36.16 
Mountain stage 6 37.11 
Total 21 41.98 
 
(b) Tour de France 2011 
Stage Type Number of stage Average Speed (km/h) 
Time trial 2 50.76 
Flat stage 10 42.38 
Medium mountain stage 3 41.73 
Mountain stage 6 35.97 
Total 21 42.71 
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Chapter 3 
Experimental Facilities and 
Instrumentation 
 
3.1 The Wind Tunnel 
The wind tunnel employed had a rectangular test section of 6 square meters the time-
averaged flow properties (drag and lift) of the cylinder models and the full-scale suit 
tests. The dimensions of the test section were 2 m × 3 m × 9 m with a turntable for 
variable yaw with suitably sized models. The tunnel used a 7-blade fan with the 
approximate diameter of 3 m, driven by a DC electric motor controlled by a tachometer 
mounted on the output shaft of the motor. The maximum wind speed in the test section 
was approximately 145 km/h. A remotely mounted fan drive motor and acoustically 
treated turning vanes minimise the background noise and temperature rise inside the test 
section. The free stream turbulence intensity was approximately 1.8%. Flow angularity 
was 3% in both pitch and yaw, making the tunnel suitable for these aerodynamic 
experiments. A plan view of the tunnel is shown in Figure 3.1. The tunnel was 
calibrated (Section 3.3) prior to conducting experimental work. 
 
Figure 3.1: A schematic of the wind tunnel (adapted from Alam, 2001) 
42 
 
3.2 Measurements of Dynamic Pressure, Velocity and 
Temperature 
The air speeds inside the wind tunnel were measured with a modified National Physical 
Laboratory (NPL) ellipsoidal head Pitot-Static tube (located at the entry of the test 
section) which was connected through flexible tubing with the Baratron pressure sensor 
(MKS Instruments, USA) as shown in Figure 3.2. Temperature, dynamic pressure, and 
upstream velocity inside the wind tunnel in real time were obtained from the wind 
tunnel control panel. 
Pitot-static tube 
Test setup 
 
Figure 3.2: Inside the wind tunnel test section (front view) 
3.3 Wind Tunnel Calibration 
Dynamic pressures (q) in the wind tunnel were measured vertically from 200 to 1800 
mm in an increment of 200 mm from the tunnel floor at the location where the 
experimental arrangements were mounted. The nominal tunnel air speeds were 20, 40, 
80 and 120 km/h with less than ±1% accuracy. The local pressure was normalised by 
dividing by the wind tunnel reference pressure (qref) and plotted against the height for 
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the air speeds as shown in Figure 3.3. This indicated that the local pressure did not vary 
significantly when referenced to the tunnel wall-mounted reference pressure for the 
given speed. However, a small variation of normalised velocity can be seen near the 
tunnel floor (Figure 3.3). No correction of velocity was deemed necessary as local 
pressure (q) did not vary significantly with wall mounted reference pressure (qref) with 
height. The accuracy of the pressure measured with various speeds across the plane was 
calculated to be less than ±1%. Hence the tunnel reference pressure was used in the 
calculation of drag and lift coefficients. 
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Figure 3.3: Normalised local pressure variation with height in relation to reference 
pressure 
3.4 Measurements of Forces and Moments 
To measure the forces and moments in real time, a 12 bit data accusation system was 
used. The system consists of a load sensor, connecting cable, PCI data card (12 bit) and 
data acquisition PC (Microsoft Windows 2000 compatible) with custom made software. 
The experimental arrangement was connected through a mounting strut with the JR3 
multi-axis load cell. The sensor was used to measure the three forces (drag, lift and side 
forces) and three moments (yaw, pitch and roll moments) simultaneously. Accuracy of 
the sensor was nominally 1% of full-scale. Each data point was recorded for 30 seconds 
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time averaged with a frequency of 20 Hz minimising electrical interference. Multiple 
data were collected at each speed tested and the results were averaged minimising 
further possible errors in the raw experimental data. Three JR3 sensors with load rating 
200 N, 400 N and 1000 N were used for the measurement of aerodynamic properties for 
different experimental arrangements. Details of the JR3 sensor are given in Appendix A. 
3.5 Microscopy and Microanalysis 
For this study, a field emission scanning electron microscope (model: FEI Quanta 200) 
was used to capture textile surface images with different magnification as shown in 
Figure 3.4.  
Test 
Chamber
Sample 
Holder
 
Figure 3.4: Scanning electron microscope (FEI Quanta 200) 
Fabric samples were cleaned to remove any foreign materials from the surface and 
mounted on the sample holder inside the test chamber. Scanning was performed in low 
vacuum mode with water vapour pressure of approximately 1000 Pascal. The scanned 
images were stored in computer memory with the 1024 × 884 pixels resolution and 
TIFF (Tagged Image File Format) format for further analysis. Details of the FEI 
Quanta 200 are given in Appendix B. 
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3.6 Calibration and Accuracy 
In this study, all experimental investigations were conducted on standard cylinders with 
various configurations and full-scale tests for cycling and ski jumping in wind tunnels 
environment. Experimental errors were determined during the measurements. During 
the measurement of dynamic pressure, velocity, forces and moments using the wind 
tunnel, random errors may occur due to alignment errors and slow changes in tunnel 
speed. However, these errors were assessed by the degree of data repeatability. 
Repeatability of Results: 
Each wind tunnel test was performed at least three times on different date to verify the 
repeatability of the experimental data. The data were analysed with standard deviations. 
The maximum variation was found less than ±1%. If the variations were found more 
than ±1%, repeats were performed to confirm the data. 
Wind-Tunnel Speed Errors: 
During the test, the air speed in the wind tunnel was measured with a NPL modified 
ellipsoidal head Pitot-static tube connected to a MKS Baratron-reference pressure 
transducer. The air speed was also measured with a Honeywell (160 PC) pressure 
transducer to compare the data with MKS Baratron pressure transducer. The air speed 
was also measured with a Betz manometer. The deviation of tunnel air speed 
measurements was less than ±1% from the nominal value. 
Temperature and Pressure Errors: 
Slow fluctuations of tunnel temperature and ambient pressure were accounted for in the 
acquisition systems and proper corrections were made (where needed) during the data 
processing. 
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Alignment Errors: 
Changing yaw angles in the wind tunnel were determined by aligning the scale on the 
turntable with existing markers on the floor. Alignment errors were minimised by taking 
extra care during data reading, equipment handling and setup. The error was less than 
0.1 for the wind tunnel. 
Data Acquisition: 
Dynamic pressure and velocity inside the wind tunnel during experiment was recorded 
with MKS Baratron pressure transducer which was calibrated against a precision 
inclined-manometer. Highly sensitive JR3 sensors were used to measure the forces and 
moments. Data acquisition was fully computerised and without human intervention. 
Solid Blockage Correction: 
This effect of solid blockage ratio defined as the ratio of the projected frontal area of the 
experimental arrangement and cross-sectional area of the wind tunnel test section. 
Tunnel blockage can cause the drag coefficient to be overestimated. As the solid 
blockage ratio for all the experimental arrangements used in this work is less than 10%, 
no corrections were required. 
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Chapter 4 
Methodology and Materials 
4.1 Fabric Characterisation 
Fabrics are generally made of yarn or thread continuously twisted as strands of wool, 
cotton or synthetic fibre with various stitch configurations. Figure 4.1 illustrates the 
structure of a common knitted fabric where the stitch density of the fabric is expressed 
as the number of courses and wales per centimetre. Course can be defined as the 
meandering path of the yarn through the fabric as illustrated in Figure 4.1 where the 
yellow path defines a single course. Wale represents a sequence of stitches in which 
each stitch is suspended from the next as shown in Figure 4.1 as the wales of knit 
stitches (Denton & Daniels, 2002). 
Course
Yarn
Wale
 
Figure 4.1: Stitch structure of a common knitted fabric  
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4.1.1 Fabric Samples 
Eight different fabrics were studied. A standard ski jumping fabric material approved by 
FIS was studied with three wale orientations (Sample#01, Sample#02 and Sample#03). 
The ski jumping fabric consists of 5 layers. Outer and inner layer (thickness 0.5 mm 
each ) are knitted fabrics and the middle layers are (thickness 2 mm each) foam layers 
with  an elastic perforated membrane at the centre layer. Figure 4.2 shows the 
microscopic image (40X magnifications) of the cross section of ski jumping fabric. 
Other 7 fabrics were either knitted or woven with average thickness of 0.5 mm. Two 
fabrics (Sample#04 and Sample#06) were studied for cycling suits evaluation with 
cylinder model and full-scale test in wind tunnel. 
Outer Fabric (0.5 mm) 
Foam (0.5 mm) 
Elastic Membrane
Lining Fabric (0.5 mm) 
Foam (0.5 mm) 
 
Figure 4.2: Construction of a standard ski jumping fabric material (cross-sectional view) 
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4.1.2 Photographic Characterisation of Fabrics 
Photographs of the outer surface of the fabrics were taken with a DSLR camera (Model: 
Nikon D5000) with 55 mm focal distance lens using a macro adaptor by placing the 
fabric samples onto the test cylinder to provide a standardised tension. Figure 4.3 shows 
the test cylinder surface while Figure 4.4 shows the photographs of the 10 samples 
examined in this study. The wale direction and number of courses and wales per unit 
length can be clearly seen from the photographs (Figure 4.4). The dotted red line in the 
figure indicates the central axis of the test cylinder and the double headed arrow 
indicates the wale direction for each fabric. Table 4.1 provides the fabric characteristics 
according to these two parameters as determined by optical analysis. 
Certral  axis of 
the test cylinder
Photographed 
Area
 
Figure 4.3: Photograph of cylinder surface 
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Wale direction
  
(a) Sample#01 (b) Sample#02 
  
(c) Sample#03 (d) Sample#04 
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(e) Sample#05 (f) Sample#06 
  
(g) Sample#07 (h) Sample#08 
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(i) Sample#09 (j) Sample#10 
Figure 4.4: Photographs of fabric surface 
 
Table 4.1: Optical photographic characterisation of fabrics  
Fabric 
sample 
Wale direction 
Number of wales 
per cm 
Number of 
courses per cm 
#01 0° 19 21 
#02 45° 19 21 
#03 90° 19 21 
#04 0° 24 17 
#05 0° 21 18 
#06 90° 13 16 
#07 90° 13 17 
#08 90° 13 13 
#09 90° 14 23 
#10 90° 44 44 
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4.1.3 Microstructural Analysis 
Yarn and fibre size, and stitch pattern define the surface morphology of the fabric. 
Optical images did not provide detailed information of the surface including the yarn 
and fibre sizes, average height of the surface profile, and knitting pattern. Therefore, 
high resolution (1886  2048 pixels) digital images (TIFF format) of fabric surface were 
acquired with a scanning electron microscope (SEM) at different magnification for the 
analysis. Outer surface of the fabric samples were cleaned from any foreign material 
and mounted on the sample holding stubs. The surfaces of all test fabric samples were 
examined at magnification of 100 and 2000. Figure 4.5 shows the optical and SEM 
images of cylinder surface (inset) in comparison with a fabric surface (background). 
The surface of the test cylinder was smooth; however, the fabric surface had different 
roughness. Knitting patterns are marked with yellow colour in Figure 4.6. Figure 4.7 
shows the SEM images of a fabric surface at 2000X magnification. The yarn size can be 
clearly seen from the microscopic image. Table 4.2 shows the individual yarn size, fibre 
size and stitch pattern for 8 fabrics (10 samples) used in this study. 
  
(a) Optical image (b) Microscopic image 
Figure 4.5: Comparison between cylinder and a fabric surface 
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(a) Sample#01or #02 or #03 (b) Sample#04 
  
(c) Sample#05 (d) Sample#06 
  
(e) Sample#07 (f) Sample#08 
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(g) Sample#09 (h) Sample#10 
Figure 4.6: SEM images of fabric surface with 100X magnification 
 
Figure 4.7: SEM image of a fabric surface with 2000X magnification 
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Table 4.2: Fabrics characterization with SEM image 
Fabric sample Yarn size (µm) Fibre size (µm) Stitch pattern 
#01 190 20 V-Shaped 
#02 190 20 V-Shaped 
#03 190 20 V-Shaped 
#04 137 25 V-Shaped 
#05 164 25 V-Shaped 
#06 300 30 Circular Loop 
#07 245 30 Circular Loop 
#08 210 35 Circular Loop 
#09 270 35 Circular Loop 
#10 150 15 Rectangular 
 
4.1.4 Measurement of Fabric Surface Profile 
A stereoscopic electron microscopic technique was used to obtain the 3D models of the 
surface of these fabrics. Initially, all the samples were scanned at 100X magnifications 
under the same condition and three SEM images of each sample were captured by tilting 
the sample at 0°, 5° and +5° as shown in Figure 4.8. Alicona Mex software (Alicona 
Imaging GmbH, Germany) was then used to generate the 3D model using these three 
images at different angles of tilt. Figure 4.9 shows the 3D images of the fabric surface 
of Sample#01 with wireframe, polygon and pseudo colouring models generated by this 
software. These 3D models were further analysed to measure the average height of the 
surface area (Sa) of the fabrics using the software. The software was calibrated with a 
model surface of known roughness height prior to the measurement of fabric surfaces 
where the measurements with the software were based on the recognized ISO standards: 
ISO/TC213/WG16. 
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(a) Tilt angle: 5° (b) Tilt angle: 0° (c) Tilt angle: +5° 
Figure 4.8: Scanned images of a fabric sample at different tilting angle 
 
 
Figure 4.9: 3D modelling of fabric surface  
58 
 
Error margin in this measurement were also calculated. Each sample was measured 3 
times. The measurement was performed over an area of 2 mm  2 mm on the fabric 
sample. Table 4.3 shows the average value of fabric height with standard deviation of 
the 10 fabric samples used in this study. The maximum error was found to be 
approximately ±4.0%. 
Table 4.3: Fabric surface profile measurement 
Fabric sample 
Average height of fabric surface 
(Sa) [in µm] 
#01, #02 and #03 48.179 ± 1.230 
#04 52.052 ± 2.190 
#05 35.170 ± 1.520 
#06 59.670 ± 2.340 
#07 60.942 ± 2.200 
#08 71.390 ± 2.500 
#09 81.156 ± 2.600 
#10 28.370 ± 1.120 
 
Prior studies on the effect of surface profile on the aerodynamic behaviour by Fage & 
Warsap (1929) and Achenbach (1977) were based on 2D surface roughness 
measurement whereas a 3D measurement technique was used in this study. The 3D 
measurement of surface profile provides more detailed information about the surface 
than the 2D measurement for surface roughness. Traditionally, surface roughness of 
hard and non-deformable surface is measured by contact measurement system using 
Profilometer. However, this contact measurement is not suitable for soft materials 
especially fabric as fabric surface may deform during the contact measurement. 
Therefore, optical measurement using a microscope represents a more reliable approval 
for fabric surfaces (Blateyron, 2006). 
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4.2 Human Body Representation 
The configuration of the human body is extremely complex due to the varied 
physiological shapes and dimensions. Simplification of the human body has been 
studied by Hanavan (1964), Hatze (1980) and Yeadon (1990).  Hanavan (1964) 
suggested the simplest model of human body where the entire human body has 
represented by 15 main segments comprising simple geometric shapes (elliptical and 
cylindrical) with a uniform density. Hatze (1980) developed a detailed model of human 
body incorporating 242 anthropometric measurements, whereas Yeadon (1990) divided 
the whole human body into 40 solid shapes having circular cross section that 
represented the head, arm and legs. Figure 4.10 shows the human body representation as 
studied by Hanavan (1964), Hatze (1980) and Yeadon (1990), where notably the major 
applications of their simplified human body segmentation are in biomechanics. 
   
(a) Hanavan (1964) (b) Hatze (1980) (c) Yeadon (1990) 
Figure 4.10: Human body representation 
Although several researchers have studied the aerodynamic characteristics of human 
bodies, their studies were mainly based on simplified human body (Hoerner, 1965; 
Pugh, 1971; Brownlie, 1992). Brownlie (1992) used a simplified analogous model for 
wind tunnel study of different fabrics, where the developed model comprised 11 
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separate components of uniform circular cylinders with different dimensions as shown 
in Figure 4.11. 
 
Figure 4.11: Simplified human body model (from Brownlie, 1992) 
Oggiano et al. (2009) evaluated several fabric samples in the wind tunnel using both 
cylinder and leg models. Figure 4.12 shows a typical leg model in this study. Here, this 
study showed the similarity in aerodynamic behaviour between the cylinder model and 
the leg model.  
 
Figure 4.12: Leg model testing in wind tunnel (from Oggiano et al., 2009) 
From these prior studies, it is clear that in spite of the complex structure of human body, 
human body parts may be represented as multiple cylinders for aerodynamic evaluation 
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in wind tunnel experimentation. The number of the cylinders representing the body 
parts may then be simplified according to the dominant characteristics of the body 
posture in different sports. In this study, simplified human body was represented with 
multiple cylindrical segments as illustrated in Figure 4.13, allowing the inclination 
effects to be addressed. 
 
Figure 4.13: Simplified human body represented with cylindrical segments 
The aerodynamic characteristics of these cylindrical body parts can be evaluated in 
wind tunnel testing over a range of angles of attack while representing real life body 
positions in sporting action. Thus, in order to simplify the complex aerodynamic 
interactions of various body parts, a simplified cylindrical geometry was used to 
evaluate the aerodynamic properties of textile features such as seam position, stitch 
orientation and surface roughness. As the body parts are not precisely perfect cylinders, 
the exposed end of such cylinders may alter the flow characteristics substantially. 
Therefore, a separate evaluation was undertaken to quantify these 3D effects and 
subsequently account for their impact during wind tunnel studies. 
Body parts covered with fabrics can influence the aerodynamic behaviour by altering 
the air flow characteristics. The air flow characteristics can also be influenced by the 
varying angles of attack. As an example, a decomposition of a representation of a 
sprinter’s body is shown in Figure 4.14. The breakdown of individual body parts clearly 
illustrates that these parts can be treated as multiple cylinders with varied dimensions 
and positions. 
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Figure 4.14: Decomposition of a sprinter’s body representation 
In this study, such decomposition of different body parts for ski jumper and cyclist were 
considered. Figure 4.15 shows the cylinder representation of different body parts of a 
ski jumper consisting of 5 cylindrical elements based on the ski jumping position during 
the in-flight phase where some of these cylinders have different angles of attack. 
 
 
(a) Side view (b) Top view 
Figure 4.15: Cylinder representation of different body parts of a ski jumper 
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Similarly, cyclist body parts were also decomposed into cylindrical geometries as 
shown in Figure 4.16 where only for those parts covered with garment are considered. It 
is clearly seen that these cylinders again have different angles of attack, which vary with 
different cycling positions. 
3
4
2
1
 
Figure 4.16: Cylinder representation of a cyclist body parts that are covered with fabric 
In order to investigate aerodynamic properties (drag and lift forces) of these cylindrical 
body parts under a range of positions, the experimental methodology with standard 
cylinder geometry requires both vertical and inclined configurations which are 
discussed in subsequent sections. 
4.3 Fabric Testing Methodology 
Two experimental setups were used: (a) a fixed angle vertical cylinder to measure only 
the drag, and (b) a variable angle cylinder to measure the drag and lift simultaneously at 
different angles of attack and yaw angles.  
4.3.1 Vertical Cylinder Methodology 
This methodology is based on a smooth-surfaced cylinder of 300 mm length and 110 
mm diameter. The cylinder was vertically supported on a six component force sensor 
using a threaded strut. The fabrics to be tested were fitted onto the cylinder with a 
minimal but constant stretch as determined by a professional sport garment designer for 
wind tunnel evaluation at different speeds. Figure 4.17 shows the experimental 
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arrangement employed. This setup allowed to measure the drag forces at a fixed angle 
of attack (α = 90°) with respect to wind direction. 
Load Sensor
Tunnel Floor
Strut
Test Cylinder
Wind
  
(a) Schematic model (b) Cylinder installed in the wind tunnel test 
section (front view) 
Figure 4.17: Vertical cylinder experimental arrangement 
4.3.1.1 Effects of Cylinder Length and Diameter 
To determine the effect of length (e.g., 3D effect) at vertical position, ten cylinders of 
different lengths (l = 30, 50, 80, 100, 200, 300, 400, 600, 800 and 1000 mm) with a 
constant diameter (d = 110 mm) were fabricated. Similarly, to determine the effect of 
diameter variation, seven cylinders with different diameter (d = 90, 110, 120, 130, 140, 
150 and 160 mm) with a fixed length of 300 mm were fabricated. 
4.3.1.2 End Effects of Vertical Cylinder 
In order to evaluate the end effects due to 3D flow around the vertical cylinder, two 
additional cylinders with same dimension were used by maintaining a gap of 5 mm with 
four configurations. Top and bottom end effects of the active cylinder that is only 
connected to the load cell were evaluated respectively with non-active components that 
are not connected to the load cell but have influence in the flow field. 4 different test 
configurations are as shown in Figure 4.18. 
65 
 
A B C D
Active
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active Wind
 
Figure 4.18: Different end configurations for the vertical cylinder arrangement 
Configuration-A had both end uncovered. Therefore, 3D effect will be included with the 
force measurement. On the other hand, two additional cylinders on both ends were used 
to obstruct the 3D flow around the both ends of the middle cylinder as indicated in 
Configuration-D. Additionally, Configuration-B allowed restricting the 3D flow on the 
bottom end of the active middle cylinder whereas Configuration-C is used to eliminate 
the 3D effect at the top end. 
4.3.1.3 Fabric Seam Configuration for Cylinder Test 
Fabric sleeves for the cylinder models were made with plain seams which were 
machine-sewn. Figure 4.19 shows the schematic of such a plain seam. Two opposite 
edges of a single piece of fabric were stitched together with a single row longitudinal 
stitch, leaving a seam allowance with raw edges inside the sleeve to conform to sports 
body regulators (e.g., FIS).  Seam allowance is defined as the area between the edge and 
the stitching line on two pieces of material being stitched together as shown in Figure 
4.19.  Figure 4.20 shows the top view of ski fabric sleeve fitted on the test cylinder. The 
seam positions angle is defined as the angle between the position of the seam and the 
direction of the wind. Figure 4.21 shows different seam position angle. Thickness of the 
standard ski jumping fabric material was approximately 5 mm which became about 10 
mm at the seam. Seam allowance was maintained about 20 mm (Figure 4.22). 
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Figure 4.19: Schematic of a plain seam (FIS standard) 
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Figure 4.20: Seam geometry (top view) 
 
        
Wind 
0° 15° 30° 45° 60° 75° 90° 180°  
Figure 4.21: Seam position angle (top view) 
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Figure 4.22: Close-up view of a sleeve seam 
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4.3.2 Variable Angle Cylinder Methodology 
Cylinder with an inclined position produces both lift and drag as shown in Figure 4.23. 
In addition, different segments of athlete’s body can have different angular position 
with respect to the wind direction. Therefore, in order to evaluate body segments under 
varied angles of attack with simultaneous measurement of drag and lift, a variable angle 
cylinder setup was developed. It consisted of a cylinder (110 mm diameter and 300 mm 
length) and the lower section the cylinder arrangement was designed using a rotating 
mechanism to allow the cylinder to be fixed over a range of angles of attack (α = 30º to 
150º) relative to the wind direction as shown in Figure 4.23(a). Likewise, the yaw angle 
(ψ) could be varied with the rotating table allowing at any angle between 0° and 360° as 
indicated in Figure 4.23(b). Figure 4.24 shows the CAD model of the experimental 
arrangement.  The test cylinder is connected with 6-componemt force sensor through a 
steel strut. Fabric sleeves to be tested were then fitted onto the cylinder. Figure 4.25 
demonstrates the positioning of the cylinder at a given angle of attack (α) and yaw angle 
(ψ) in the wind tunnel. 
 
DRAG
LIFT
α
WIND
Angle of Attack
 
Yaw Angle
WIND

 
(a) Side view (b) Top view on the turntable 
Figure 4.23: Schematic of variable angle cylinder arrangement 
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Figure 4.24: CAD model of the variable angle cylinder arrangement 
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Side View
Angle of Attack = α
 Top View
Front View

Yaw Angle = 
 
Figure 4.25: Variable angle cylinder arrangement in the wind tunnel 
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4.3.3 Segmental Methodology 
As mentioned in Section 4.2, different body parts of athlete face the incoming air 
differently. Based on the physical data, angular configuration of different body parts are 
determined for fabric testing using cylinder to understand the aerodynamic effects of 
surface roughness, stitch orientation, seam position. The segmental study was designed 
to evaluate the aerodynamic efficiency due to fabric characteristics for the individual 
segment of the athlete’s body in more details. Segmental methodology was applied for 
both ski jumping and cycling fabric evaluations using the variable angle cylinder setup. 
4.3.3.1 Segmental Methodology for Ski Jumping  
Angles of different body parts of a ski jumper are indicated in Figure 4.26 by 
superposition onto the full-scale mannequin.  
 
(a) Side view (b) Top view 
Figure 4.26: Angles of different body segments of a ski jumper 
Table 4.4 indicates the angular positions of arm and leg segments of a ski jumper at in-
flight position (described in Section 2.2.1). The variable angle cylinder (Section 4.3.2) 
was used to measure the aerodynamic properties (lift and drag). Figures 4.27 and 4.28 
show the test arrangement positions for the arm and leg segments respectively. Fabrics 
with different seam positions and stitch orientations were then tested for aerodynamic 
properties.   
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Table 4.4: Angular positions for leg and arm segments of a ski jumper 
Body segment Angle of Attack (°) Yaw (°) 
Arm 30 5.3 
Leg 45 30 
 
  30°
 
  5.3°
 
(a) Side view (b) Top view 
Figure 4.27: Cylinder position for arm segment  
 
  45°
 
  30°
 
(a) Side view (b) Top view 
Figure 4.28: Cylinder position for leg segment 
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The tests were undertaken with fabric samples made of same ski jumping material but 
in three stitch orientations (wale at 0°, 45° and 90°) and at three seam positions (75°, 
90° and 105°) with respect to wind direction as shown in Figure 4.29. Drag and lift 
forces were measured for each sample according to test configurations provided in 
Table 4.4. 
 
(a) 75° (b) 90° (c) 105° 
Figure 4.29: Different seam positions (top view)  
4.3.3.2 Segmental Methodology for Cycling 
As mentioned in Section 2.3.1, three main cycling positions are generally adapted by 
the cyclist as shown in Figure 4.30. Angle of attack of body parts varies depending on 
these cycling positions. Angles of different body parts of a cyclist are indicated in 
Figure 4.31 and Table 4.5 for the 3 cycling positions. 
 
 
Figure 4.30: Different cycling positions: (a) upright (b) dropped, and (c) time trial 
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Figure 4.31: Angles of different body segments of a cyclist 
Table 4.5: Angles of different cycling positions (adapted from Defraeye et al., 2010) 
Body segment 
(angle) 
Upright Position Dropped Position Time Trial Position 
Thigh (1) 0°- 115° 0°- 115° 0°- 115° 
Trunk (2) 45° 30° 0° 
Arm (3) 115° 105° 105° 
Forearm (4) 115° 105° 0° 
 
The variable angle cylinder was used to investigate the aerodynamic properties of 
fabrics in these positions. Two fabric samples (#04 and #06) were tested over a range of 
speeds (20 to 70 km/h) and angles of attack (30º to 115º) which covers the all body 
segments angles at three cycling positions (Table 4.5). The yaw angle was set to zero 
for all these test configurations. 
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4.4 Full-scale Test Methodology  
To study the aerodynamic behaviour of ski jumping and cycling garments, two separate 
experimental arrangements were developed for full-scale aerodynamic evaluation. 
These entailed design and fabrication of full garments which were evaluated according 
to the orientations established by the cylinder evaluations. 
4.4.1 Methodology for Ski Jumping Suit Testing 
The development of a full-scale ski jumping simulation using a wind tunnel is 
challenging, time consuming and expensive. There is limited information on full-scale 
ski jumping experimental arrangements available. To date, two experimental 
arrangements have been reported by Müller et al. (2008) and Seo et al. (2004). 
However, these experimental arrangements have significant drawbacks as neither of 
these arrangements allows simultaneously measurement of all 6 components of forces 
and moments or the mounting devices have significant interference to air flow and 
subsequently lead to incorrect force and moment measurements. For example, the 
experimental arrangement developed by Seo et al. (2004) cannot be rigidly mounted 
(Figure 4.32). As a result, stability remains problematic. Measurements can 
significantly be affected due to such instability of the system using flexible wire. On the 
other hand, Müller (2008) has developed a relatively improved experimental 
arrangement for the full-scale testing with a real ski jumper (Figure 4.33). In this 
arrangement, a support which was placed in front of the test subject could affect the 
flow characteristics thus the potential error in aerodynamic measurement. 
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Figure 4.32: Full-scale ski jumping experimental arrangement by Seo et al. (2004) 
 
Figure 4.33: Full-scale ski jumping experimental arrangement by Müller et al.  (2008) 
To quantify the small variation in aerodynamic properties due to ski jumping suit, a 
frame arrangement was developed which was rigid and having supporting structures 
with minimum aerodynamic interferences. Figure 4.34 shows the various parameters 
associated with ski-jumping, accommodated by the experimental arrangement, where 
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Fx, Fy, Fz and My denote drag force, lift force, side force and pitching moment 
respectively. Also , ,  and V represent the ski angle relative to horizontal plane, body 
position angle, hip angle and angle between the two skis respectively. 
 
 
(a) Side view (a) Rear view 
Figure 4.34: Parameters for ski jumping suit testing 
The ski angle () can be varied here from 15º to +15º, the hip angle () can be varied 
from 120º to 160º and the body position angle () can be adjusted from 10º to 70º. 
Additionally, the V-angle between the skis can be varied at angles from 0º to 35º. These 
angle adjustments cover the majority of the possible variations utilised in competitive 
ski jumping (Müller et al., 2008; Seo et al., 2004). 
The full-scale experimental arrangement was designed to accommodate an articulated 
mannequin as well as the associated equipment (skis, suit, boots, goggles, helmet, and 
hand gloves) which was used for the replication of the body positions in flight. A CAD 
model of the experimental support arrangement is shown in Figure 4.35.  Detailed 
drawings are given in Appendix C. 
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Figure 4.35: CAD model of the experimental arrangement 
 The base of the arrangement was made of high strength steel frame. Six adjustable 
circular steel pipe stands were used to fix the skis and adjust the angles between the skis 
and horizontal plane up to ±15º by varying the heights. A mounting device was 
connected with the structure at joining line of the mass centre of the total structure. The 
mounting device connected to the 6-component force sensor. The sensor having a 
sensitivity of 0.05% over a range of 0 to 1000 N axial forces which is capable of 
measuring the 3 forces and 3 moments under a range of speeds (10 to 140 km/h). Suits 
were tested according to test configurations provided in Table 2.6. These parameters 
were previously determined for full-scale ski suit study with the inclined cylindrical 
methodology that was detailed earlier (Section 4.3.6).  
To measure small forces variations resulting from the suit, it was necessary to ensure 
that the position is unchanged and reproducible. A video repositioning system was 
employed for exact positioning the experimental arrangement for each suit being 
evaluated at a particular position. The video positioning system is described in Section 
4.4.3. 
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4.4.1.1 Ski Jumping Suits 
Ski jumping suits are generally a single piece suit made of 13 panels with a zipper at the 
front. Panels are stitched together and the joint of two panels creates the seam. Two ski 
jumping suits (Suit-A and Suit-B) were produced with same fabric but different wale 
orientations. Figure 4.36 illustrate wale orientations of Suit-A and Suit-B and the 
straight lines indicate the wale direction in the different panels of the suits. Table 4.6 
summarises the seam position and wale orientation within the leg and arm segments for 
both ski jumping suits. 
 
 
 
 
Front Back Front Back 
(a) Suit-A (b) Suit-B 
Figure 4.36: Wale orientations in different panels of Suit-A and Suit-B 
Both suits were made according to the body measurement of the mannequin by a 
professional sport garment designer maintaining the same fabric tension as applied on 
the sleeves for cylinder testing. The primary focus was to evaluate the combined effect 
of surface roughness and seam position on the ski jumping suits with full-scale wind 
tunnel testing. 
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Table 4.6: Configuration of the ski jumping suits 
Segments 
Suit-A Suit-B 
Fabric sample Seam position Fabric sample Seam position 
Leg  Sample#01 90° Sample#02 90° 
Arm  Sample#01 90° Sample#03 105° 
 
In Suit-A, the seams of leg and arm sleeves were positioned at 90° with respect to the 
wind direction and all the panels were made with Sample#01 (0° wale orientation) 
whereas in Suit-B, the leg and arm seams were positioned at 90° and 105° respectively 
with respect to the wind direction and both front and back panels of legs were made 
with Sample#02 (45° wale orientation) and those for the arms were made with 
Sample#03 fabric where the wale orientation was 90°. 
Figure 4.37 shows the ski jumping suits in wind tunnel testing. A FIS regulation bib was 
used during the testing. As the Bib covered the maximum portion (over 95%) of the 
body segment of the suit, the effect of seams and wale orientations at the body and the 
shoulder regions of the suit were considered same for both suits, allowing any 
difference in aerodynamic measurements to be observed due to the different 
configuration of leg and arm sleeves in the suits.  
  
(a) Suit-A (b) Suit-B 
Figure 4.37: Ski jumping suits fitted onto a mannequin 
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4.4.2 Methodology for Full-scale Cycling Suit Testing 
As with ski jumping suits, there is limited information on a full-scale cycling 
experimental arrangement available. An experimental arrangement has been reported by 
Defraeye et al. (2010) as shown in Figure 4.38.  
 
Figure 4.38: Full-scale cycling experimental arrangement developed by Defraeye et al. 
(2010) 
However, this experimental arrangement had significant limitations as it does not allow 
simultaneous measurement of all 6 components of forces and moments and the 
positioning devices used have significant interference to air flow. In this arrangement, a 
support for positioning purpose was placed in front of the cyclist, which could affect the 
flow characteristics and thus the aerodynamic measurements. 
Therefore, an experimental arrangement was designed for full-scale cycling testing in 
the wind tunnel. Figure 4.39 shows a schematic representation of the test arrangement 
aiming at providing a reliable and accurate measurement system for aerodynamic 
cycling suit evaluation. The arrangement consisted of a flat wooden platform (1800 mm 
× 850 mm × 30 mm) and a stand to support the bicycle and rider firmly. The gap 
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between the platform and the tunnel floor was 20 mm to avoid interference between the 
floor and the wooden platform. A plastic fairing (Figure 4.40) at the front of the 
platform was used to minimise the flow separation at the leading edge of the platform. 
The whole platform was connected with a 6-component load cell through a 100 mm 
diameter strut (Figure 4.39) to measure the drag, lift and side forces and their 
corresponding moments simultaneously. 
Bicycle Trainer
Bicycle 
Wooden Platform
6-component load cell
Front Wheel Locker
Front Camera
Side Camera
 
Figure 4.39: Schematic of the experimental arrangement for cycling 
Three categories of bicycles (recreational, road racing and mountain) together with the 
cyclist were experimentally evaluated using this arrangement. The developed system 
aims to minimise errors in data due to extraneous cyclist movement or variations in 
weight distribution by using a video positioning system, as well as be sufficiently robust 
for both static (cyclist with no pedalling) and dynamic (cyclist with pedalling) 
evaluations. Figure 4.40 shows the experimental arrangement within the wind tunnel 
test section. The arrangement having a full-scale bicycle and cyclist was suitable for the 
wind tunnel having a solid blockage ratio less than 10%. 
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Figure 4.40: Experimental arrangement in the wind tunnel for cycling 
The aerodynamic forces of two suits were evaluated with a professional cyclist in three 
widely used cycling positions together with appropriate helmets, bicycle and other 
accessories to replicate the actual cycling condition. For the time trial position, a 
professional time trial bicycle Louis Garneau as shown in Figure 4.41(a) and a Giro 
Advantage time trial helmet were used. For other two positions, a professional road 
racing bicycle Orbea as shown in Figure 4.41(b) and a Giro Atmos road racing helmet 
were used. Figure 4.42 shows all configurations for the full-scale wind tunnel testing. 
  
(a) Louis Garneau (time trial bicycle) (b) Orbea (road racing bicycle) 
Figure 4.41: Bicycles used for full-scale wind tunnel testing 
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Figure 4.42: Wind tunnel testing of cycling suits in three cycling positions 
Human ethics approval (Appendix E) was obtained from RMIT University Ethic 
Committee prior conducting all experiments with the professional cyclist. 
4.4.2.1 Cycling Suits 
Two fabrics (Sample#04 and Sample#06) were used for the production of two prototype 
cycling suits: Suit-1 and Suit-2. All suits were manufactured according to the body 
measurements of the cyclist as full-sleeve single-piece skin-body suits by professional 
sport garment designer without changing other parameters such as seam, zipper size and 
position. The black colour suit designated as Suit-1 was manufactured with fabric 
Sample#04 (Sa = 52 μm) while the white colour suit designated as Suit-2 was made with 
fabric Sample#06 (Sa = 60 μm). Figure 4.43 shows the suits for full-scale testing along 
with the cyclist and helmet utilised. 
 
                                              (a) Suit-1 (b) Suit-2 
Figure 4.43: Cycling suits fitted onto a professional cyclist 
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4.4.3 Positioning System 
In wind tunnel testing, one of the difficulties is the repositioning of the test object with 
accuracy. There is limited information available on positioning system for experimental 
arrangements. As mentioned earlier, an experimental arrangement including a 
positioning system has been reported by Defraeye et al. (2010) as shown in Figure 4.44 
where some extra supports for positioning were placed in front of the cyclist, which 
could affect the flow characteristics, thus the potential error in aerodynamic 
measurement. 
 
Figure 4.44: Positioning system for cyclist developed by Defraeye et al. (2010) 
A video repositioning technique was utilised both for ski jumping and cycling full-scale 
tests. This consists of two high definition digital video cameras which were installed at 
two fixed positions. One was placed at front of the experimental arrangement to capture 
the front view of the total arrangement. Another camera was installed at the right hand 
side from the experimental arrangement for capturing side views of the entire 
experimental arrangement (see Figure 4.45). Both cameras captured still images and 
live video simultaneously. VCam (e2eSoft, China) software was used for live video 
monitoring. At first, initial images were taken with two cameras and were used as the 
referenced positions. The VCam software allowed loading the reference image and 
online video monitoring simultaneously in the same window by overlapping images.  
The position of the experimental arrangement was repositioned by adjusting necessary 
feedback obtained through the monitoring system. The positioning protocol was aimed 
at minimising errors occurring due to the change of positions of the ski jumping 
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mannequin and cyclist including equipment as minor position variation which can 
significantly affect the aerodynamic data.  
Front Camera
Side Camera
Experimental 
arrangement
 
Figure 4.45: Video positioning system using digital cameras  
An error margin was estimated for this positioning technique utilised in this study. Drag 
and lift forces were measured for the bare mannequin at a reference position (as 
mentioned in Table 2.6) over a range of wind speeds from 80 to 110 km/h. After the 
initial measurement, the mannequin was removed from the wind tunnel and it was again 
positioned in the wind tunnel on a different day for the measurement with the same 
previous reference position noted. Similarly, a third set of data were taken on a different 
day at the same reference position utilising this video positioning technique. Average 
drag and lift forces are presented in Figure 4.46 including the error bars with standard 
deviations. The accuracy of the forces measured with various speeds across the 
reference position was estimated to be ±1.0%. Therefore, this positioning system was 
used for full-scale testing both for ski jumping and cycling testing. 
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Figure 4.46: Average drag and lift forces including the error bars with standard 
deviations 
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4.4.4 Measurement of Projected Frontal Area  
The projected frontal area of the ski jumper and cyclist is a significant parameter for the 
accurate calculation of drag coefficient. Generally, two major techniques are used to 
measure projected frontal area: (a) the method of weighing photographs (Capelli et al., 
1993; Davies, 1980) and (b) the digitizing method (Heil, 2002). The first method 
consists of taking photographs of a subject including a calibration frame with known 
area. Images of the subject and calibration frame are cut from the photograph and 
weighed using an accurate balance to calculate the projected frontal area. For the second 
method, the photograph of the subject and the calibration frame are digitized to 
calculate the frontal area using computer-based image analysis software. Debraux, 
Bertucci, Manolova, Rogier, & Lodini (2009) studied the validity and reliability of a 
computer aided method to estimate the projected frontal area of the cyclists in upright 
and time trial position with comparison of other two area estimation methods as shown 
in Figure 4.47. The results found no significant difference between these three methods. 
 
Figure 4.47: Measurement the projected frontal area (from Debraux et al., 2009) 
In this study, a digital image processing technology were utilised to determine the 
projected frontal area of a ski jumper mannequin and cyclist at any given position. For 
example, to measure the projected frontal area of a cyclist, a high resolution digital 
photograph (12 Megapixel) was taken from the front of the cyclist as shown in Figure 
4.48. 
88 
 
 
Figure 4.48: Photography for frontal area calculation 
A Java-based image processing software ImageJ (National Institutes of Health, USA) 
able to handle 8-bit, 16-bit and 32-bit images with commonly used file format was used 
to measure the projected frontal area (Abramoff et al., 2004). To measure the projected 
frontal area, initially, a high quality digital photograph (in 24 bit JPEG format) was 
taken with a known reference as shown in Figure 4.49(a). Later, the background was 
removed using Adobe Photoshop CS3 (Adobe Inc., USA) software leaving the area 
occupied by the cyclist including cycle and other accessories as shown in Figure 
4.49(b). Finally, the projected frontal area (shown as the black shadow) was estimated 
with ImageJ software (Figure 4.49(c)).  
   
(a) (b) (c) 
Figure 4.49: Area estimation method 
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An error margin was also estimated using this ImageJ software to verify the accuracy of 
the area estimation. Table 4.7 listed a set of data of measured areas for different objects 
determined with this method. The estimated data shows a good agreement with the 
areas determined analytically for simple objects. The maximum error margin was found 
to be less than ±1%. However, some errors may occur in complex shape measurements, 
quantification of which was not attempted in this study to estimate projected frontal 
area. 
Table 4.7: Frontal area measurement for simple objects 
Object Cylinder-1 Cylinder-2 Football 
Photograph 
with 
background 
   
Removal 
of 
background 
   
Measured area 
   
Calculated area (m²) 0.048 0.033 0.038013271 
    
Area (m²) measured with 
ImageJ 
0.048052973 0.03294946 0.038193399 
Difference 0.11% 0.15% 0.47% 
 
The frontal area of ski jumping and cycling experimental arrangement were evaluated 
during the experimental process and the results are in Chapter 6. 
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4.5 Flow Visualisation Methodology 
Qualitative information about the air flow around a test subject can be obtained by flow 
visualisation which is an effective tool to detect the areas of flow separation, re-
attachment and circulation (Smits & Lim, 2000). Thus flow visualisation provides the 
ability to visualise flow characteristics, whereas velocity probe only provides 
information at a single point. 
Flow visualisation with wool tufts was carried out to see the surface flow pattern. In the 
case of steady and attached flow, the wool tufts generally remain steady and inclined in 
the direction of the flow. The wool tufts fluctuate rapidly if the flow is locally separated. 
Also flow visualisation with smoke can show the similar phenomena (Smits & Lim, 
2000). 
Wool tufts were used to see the flow pattern on the body of the cyclist. For this purpose, 
a suit was specially modified by attaching 20 mm wool tufts all over the suit. The flow 
visualisation was used as quantitative guide to the type of flow generated. Flow 
visualisation was performed at 50 km/h only. On the other hand, smoke flow 
visualisation was used in full-scale ski jumping arrangement at 10 km/h. Flow structures 
were documented with video and still cameras. Figure 4.50 shows flow visualisation 
techniques using wool tufts in cycling and smoke in ski jumping, further results are in 
Chapters 5 and 6. 
  
(a) Wool tufts (b) Smoke 
Figure 4.50: Flow visualisation techniques 
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The flow visualisation was photographed (Model: Nikon D5000 camera, 1/8th second) 
from a stationary position for different cycling positions and at air speed 50 km/h. For 
the cycling flow visualisation, yellow colour wool tufts (around 20 mm) were attached 
throughout the suit and helmet providing an equal spacing. 
In smoke flow visualisation, a smoke generator with single nozzle system was used to 
produce white smoke by burning mineral oil. Nozzle tip was aligned with the upstream 
air towards the experimental object to observe the flow pattern around the object. 
Smoke visualisation is performed only at low wind speed (below 10 km/h) as the smoke 
generally disappears quickly at high speeds. Photographs were taken with 1/8th of a 
second shutter speed form a stationary point. Flow separation and vortex formation 
were observed at different parts of a ski jumping experimental arrangement as given in 
Chapters 5 and 6. 
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Chapter 5 
Aerodynamic Behaviour of Sports Fabrics 
 
5.1 Vertical Cylinder Aerodynamics 
These studies that relate to the method and verification of the vertical cylinder 
arrangement are discussed. The effect of aspect ratio, Reynolds number dependencies 
on cylinder diameter and effects of 3D flow around the cylinder ends including 
aerodynamic characteristics of fabric are discussed.  
5.1.1 Effect of Aspect Ratio 
To determine the effect of aspect ratio (l/d), cylinders were evaluated in the wind tunnel 
over a range of wind speeds (20 to 120 km/h). Table 5.1 gives the aspect ratio for 
different length cylinders.  Depending on the l/d ratio, the flow around the cylinder can 
be considered to be 3D or 2D and if the l/d ratio is below 40, the flow regime is 
considered as 3D (White, 2003). Figure 5.1 represents the drag variation with speeds for 
each cylinder. Experimental data in these studies show that a data variation is less than 
±1%. 
Table 5.1: Aspect ratio for different length of cylinder 
Length (mm) 30 50 80 100 200 300 400 600 800 1000 
l/d 0.3 0.5 0.7 0.9 1.8 2.7 3.6 5.5 7.3 9.1 
These drag forces were converted to dimensionless drag coefficients (CD) and Reynolds 
numbers (Re) which were calculated based on the diameter of the cylinder.  Figure 5.2 
shows the CD variation with Re for different length vertical cylinders with smooth 
surface. It is well established that as the l/d ratio increases, the CD value also increases 
up to Re of about 10
6 
(e.g., White, 2003). Figure 5.2 clearly indicates that the CD value 
remains almost constant throughout the Re range evaluated (Re = 0.5  105 to 2.5  
10
5
). It also indicates drag can be scaled and replicated for the smooth cylinder 
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configuration within the speed range tested. However, cylinder with textured surface 
(e.g., covered with fabric) may not follow the trend. Figure 5.3 indicates that the 
experimental data from this study agree well with published data. 
0
10
20
30
40
50
60
10 30 50 70 90 110
D
ra
g
 (
N
)
Speed (km/h)
30 mm
50 mm
80 mm
100 mm
200 mm
300 mm
400 mm
600 mm
800 mm
1000 mm
 
Figure 5.1: The variation of drag with speed for different length vertical cylinders 
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Figure 5.2: The variation of CD with Re for different length vertical cylinders 
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Figure 5.3: Comparison between experimental and published data on CD variation with 
l/d  
The segmentation of human body represented by multiple cylindrical elements has been 
systematically described in Chapter 4. It has been mentioned earlier that all body parts 
may be considered as cylinders with a specific length where, in most cases, the l/d ratio 
approximately ranges from 1 to 3.5. Thus, the test cylinder with an l/d ratio of 2.7 was 
used in this study.  
5.1.2 Reynolds Number Dependency on Cylinder Diameter 
To determine the dependency of Reynolds number (Re), seven different diameter 
cylinders (d = 90, 110, 120, 130, 140, 150 and 160 mm) with same length (l = 300 mm) 
were studied in the wind tunnel over a range of wind speeds (20 to 120 km/h). Figure 
5.4 represents the plots of the average forces with standard deviations for each cylinder 
tested. Experimental data in these studies show that the data variation is less than ±1%. 
These drag forces were also converted to dimensionless drag coefficients and Reynolds 
numbers were calculate based on the diameter of the cylinder.  Figure 5.5 shows the 
variation of CD with Re for vertical cylinders with variable diameters with smooth 
surface. 
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Figure 5.4: The variation of drag with speed for different diameter vertical cylinders 
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Figure 5.5: The variation of CD with Re for different diameter vertical cylinders 
The air flow transition generally occurs at Re  2.6 × 105 (Granger, 1985) for 3D flow 
when the l/d ratio is approximately 5. Results from this study show that with an increase 
in diameter, CD value decreases with Re beyond a transition point at Re  2.6 × 10
5
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(Figure 5.5). The results obtained from this study agreed well with the flow transition 
point of a smooth cylinder undertaken by Granger (1985). As mentioned in Chapter 4, 
the human body parts may be represented by cylindrical shapes having various lengths 
and diameters. These equivalent cylinders submerged in fluids experience flow 
transitional effects (laminar to turbulent flow regimes) depending on their diameters and 
speed. The results also indicate that for the larger body parts such as trunk and thigh, the 
flow transition will occur earlier than smaller diameter body parts such as arm and 
forearm at same speed. However, the flow transition regime can be manipulated using 
varied surface roughness (Achenbach, 1977). Therefore, the diameter of a cylinder is 
chosen such that it is possible to measure the flow transition for a wide range of surface 
textures. For the aerodynamic evaluation of sports fabric samples, cylinder diameter 
with 110 mm was selected. 
5.1.3 Effects of 3D Flow around the Ends 
To establish the effect of the 3D flow around the ends of the cylinder, four different 
cylindrical arrangements were evaluated in the wind tunnel over a range of wind speeds 
(20 to 120 km/h). Details of the arrangements can be found in Chapter 4. Figure 5.6 
represents the plots of the average forces with standard deviations for each 
configuration tested. Experimental data in these studies show that a data variation is less 
than ±1%. Figure 5.7 shows the CD variation with Re for different end configurations 
with vertical cylinder. 
The results indicate that there are little variations of CD with Re for these cylindrical 
arrangements. With top and bottom sections (Configuration-D), the lowest CD values 
were obtained. Without the top section (Configuration-B) or without bottom section 
(Configuration-C), CD has the highest values. Without top and bottom sections 
(Configuration-A), CD variation with Re was found less fluctuating (i.e., maximum 
standard deviation was below ±1%). From the results, it is evident that there is minor 
dependency of CD in these cylindrical arrangements. Only Configuration-A (cylinder 
without top and bottom) data can be verified with the published literature (White, 2003) 
as mentioned earlier. The maximum difference in CD between Configuration-D and 
Configuration-B was found approximately 5%. Figure 5.8 shows that the end effect has 
minimum effects (approximately 1.5%) on CD within the range of Re tested. Therefore, 
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in this study, top and bottom sections were not used as their impact is minimal within 
the Re tested. Although the end effects are measurable, it is not critical for fabric 
studies. 
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Figure 5.6: Drag variation with speed for cylinders at different end configurations  
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Figure 5.7: CD variation with Re for cylinders at different end configurations  
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Figure 5.8: Average CD variation with standard deviations with Re for different end 
configurations 
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5.2 Aerodynamic Characterisation of Sports Fabrics 
The vertical cylinder was used to evaluate the aerodynamic properties of sports fabrics 
to develop correlations between the aerodynamic parameters with the physical 
parameters of a wide range of sports fabrics surfaces for this study. Detailed information 
about the fabrics can be found in Section 4.1. The principal aerodynamic parameters 
used in this study were drag and its non-dimensional coefficient, while the physical 
parameters of the fabrics where the surface texture, stitch orientation and seam position. 
5.2.1 Effects of Surface Texture on Sports Fabrics 
To study the effect of surface texture on aerodynamic properties, 10 sports fabric 
samples were selected and tested in the wind tunnel environment using the vertical 
cylinder arrangement. The aerodynamic drag forces were measured under a range of 
wind speeds starting from 20 km/h to 130 km/h with 10 km/h increments. Figure 5.9 
shows the plots of the average forces with standard deviations for each fabric tested. 
Experimental data in these studies show that the standard variation was less than ±1%. 
Figure 5.10 shows the variation of CD with Re for the 10 fabric samples including the 
bare cylinder. 
The air flow transition (from laminar to turbulent) was observed with these fabric 
samples. The transitional effects vary differently depending on the surface profile over a 
range of Re from (0.8  10
5 
to 2.1  10
5
). The rough surface triggers the flow separation 
earlier than the smooth surface of the bare cylinder (Achenbach, 1977). No flow 
transition from the laminar to turbulent was observed with the bare cylinder due to the 
smooth texture of cylinder surface in the Re range tested. However, all fabric samples 
underwent a flow transition. Depending on the surface profile, different fabric exhibited 
flow transition differently. For example, the Sample#09 (Sa  81 μm) underwent the 
flow transition earlier (at Re = 0.8  10
5
) compared to all other samples. On the other 
hand, the Sample#10 (Sa  28 μm) with comparatively smooth surface underwent flow 
transition at Re = 2.1  10
5
. It is also evident that as the surface roughness increases, the 
critical Reynolds number (Recrit) (Section 2.1) also increases. As mention earlier in 
Chapter 2, as the surface roughness increases, the critical Reynolds number (Recrit) 
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decreases and the minimal coefficient of drag (CDmin) increases (White, 2003). Present 
investigation found similar trend with the published data. 
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Figure 5.9: The variation of drag with speeds for 10 fabric samples with different 
relative roughness and the bare cylinder 
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Figure 5.10: The variation of CD with Reynolds number for 10 fabric samples with 
different relative roughness and the bare cylinder 
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The minimal CD values at the critical Reynolds number (Recrit) for each fabric sample 
are shown in Table 5.2. A relative roughness parameter (ε) was estimated for each 
fabric sample and the roughness was normalised dividing by the cylinder diameter 
including the fabric thickness using equation (2.1) (Section 2.1). As mentioned earlier, 
diameter (d) of the test cylinder was 110 mm. However, the value of d was 120 mm for 
the ski jumping fabric samples (i.e., Sample#01, Sample#02 and Sample#03) as the 
thickness of the fabric was approximately 5 mm (Chapter 4).Table 5.2 indicates a 
correlation between the relative roughness (ε) (Chapter 2), the critical Reynolds number 
(Recrit) and the minimum drag coefficient (CDmin). 
Table 5.2: Physical parameters and aerodynamic properties for 10 fabric samples 
Fabrics 
sample 
Average height of 
fabric surface 
(Sa) [in µm] 
Relative roughness 
(ε=Sa/d) × 10
4
 
Recrit CDmin 
#01 48.179 4.01 200000 0.39 
#02 48.179 4.01 200000 0.42 
#03 48.179 4.01 200000 0.40 
#04 52.052 4.73 142593 0.43 
#05 35.170 3.20 224074 0.44 
#06 59.670 5.42 122222 0.47 
#07 60.942 5.54 142593 0.46 
#08 71.390 6.49 183333 0.54 
#09 81.156 7.38 101852 0.53 
#10 28.370 2.58 244444 0.44 
 
Relative roughness (ε) has significant impact on air flow characteristics. The increased 
relative roughness enhances earlier transition from laminar to turbulent flow. However, 
it also increases the magnitude of the minimum drag coefficient (CDmin) value. A plot 
between the CDmin value and relative roughness (ε) of the fabric surface is shown in 
Figure 5.11. The figure clearly demonstrates nearly a linear relationship from ε = 2.36 × 
10
4
 to 7.37 × 10
4
. The linear equation which fits the data is Relative roughness, ε = 
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0.043 × CDmin + 0.230 and the correlation coefficient is R² = 0.918. The standard 
regression value indicates a linear correlation between the relative roughness (ε) and the 
CDmin. 
R² = 0.918
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Figure 5.11: The minimum drag coefficient (CDmin) variation with relative roughness (ε) 
With the increase of surface roughness, the magnitude of CDmin value generally 
increases, agreeing with findings of Bearman & Harvey (1993) which examined the 
surface roughness of solid cylinders. Generally, with the decrease of relative roughness, 
the magnitude of CDmin value decreases as indicated previously (e.g., Achenbach, 1974, 
1977). However, in Figure 5.11, it is not the case at ε blow 0.0004. The optical and 
microscopic analyses have revealed that the Sample#10 and Sample#05 possessed 
significantly different surface profiles (Chapter 4). Although Sample#10 had minimum 
ε value (2.58   104), the fabric was produced by weaving instead of a knitting method 
as were all other samples. The surface roughness did not follow the trend of knitted 
samples and consequently it triggered the flow transition later than all other samples but 
did not have very high CDmin value as smooth cylinder. Sample#05 also behaved 
differently compared to other 8 knitted samples. The optical and the microscopic 
analyses (Chapter 4) have revealed that the external surface of Sample#05 was 
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significantly altered by the application of synthetic coating. As a result, the flow regime 
did not allow CDmin value as expected. 
Figure 5.12 depicts a relationship of relative roughness (ε) and Recrit based on CDmin 
values obtained. The relationship is linear from ε = 2.36  104 to 7.37 × 104. The linear 
equation which fits the data is Relative roughness, ε = 0.326  (Recrit × 10
5
 + 3.238 and 
the correlation coefficient is R² = 0.903. The standard regression value indicates a linear 
correlation between the relative roughness and the Recrit. 
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Figure 5.12: Critical Reynolds number (Recrit) variation with relative roughness (ε) 
The Sample#08 is significantly deviated from the linear trend as shown in Figure 5.12. 
Optical (Figure 4.4) and microscopic (Figure 4.6) analyses showed that the surface 
roughness is slightly altered with the randomly loose fibre and the gap between the 
wales is significantly lower compared to other knitted fabrics (Figure 4.6). Although the 
surface triggered the flow transition much earlier, it never attained the CDmin value 
compared to other knitted fabrics. 
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5.2.2 Effect of Seam Position 
Seam formation is an important aspect for sports garment manufacturing, and seam 
geometry and position have been reviewed in Chapter 4. To evaluate the effect of seam 
position on aerodynamic performance of the garment, a sleeve with single seam 
(Sample#01) was evaluated with the standard cylinder arrangement in the vertical 
configuration.  Figure 5.13 shows the CD variation with Re at different seam positions 
relative to wind direction. 
It is clearly evident that the seam position influences the air flow regime passing over 
the surface of the cylindrical surface. The seam positions from 45° to 60° underwent a 
flow transition earlier (at Re  0.5  105). On the other hand, seam positions from 0° to 
15° underwent flow transition at high Re (1.5  105). But seam positions from 90° to 
180° underwent flow transition at Re  1.4  105.  
As discussed in Chapter 2, the seam on cricket ball triggered the natural flow separation 
earlier when it is located at the critical zone (45° to 60°) relative the airflow (Alam et 
al., 2007).  Brownlie (1992) pointed out that fabric sleeve seam position at the forward 
flow separation point (45° to 60°) might cause early flow transition. In this study, the 
seam position at 45° triggered the flow separation earlier as the local disturbance due to 
the seam was more than any other configuration. Also at 60° seam position, the 
disturbance due to the seam influenced the flow transition earlier. Flow transition 
behaviour due to fabric seam from this study agreed well with published data (Alam et 
al., 2007 and Brownlie, 1992) and clearly demonstrates the effects of seam on sports 
garments. As the seam position moved to higher value from 75° and 90°, the effect on 
seam was minimal. It is also evident that seam position lower than 45° had minimal 
effect on flow transition. However, the flow transition was observed with the seam 
position at 180° due to the surface roughness of the fabric rather than the seam as 
discussed in Section 5.2.1. 
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Figure 5.13: The variation of CD with Re at different seam positions relative to wind 
direction for Sample#01 
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5.2.3 Effect of Stitch Orientation 
In order to understand effect of stitch orientation on the aerodynamic behaviour of the 
fabrics, three samples of same material but different wale angles relative to wind 
direction (Chapter 4) were evaluated. Figure 5.14 shows the wale angle of the samples 
with respect to the wind where the wale is indicated with straight parallel lines. The 
position of seam of the 3 samples was placed at the back at 180° with respect to wind 
flow direction to avoid the flow disturbances due to the seam. Figure 5.15 shows the 
variation of CD with Re for Sample#01, Sample#02 and Sample#03 with the wale angle 
at 90°, 45° and 0° respectively with respect to wind direction. 
 
   
Wind direction 
(a) Sample#01 (90°) (b) Sample#02 (45°) (c) Sample#03 (0°)  
Figure 5.14: Fabric wale angles 
The stitch orientation did not have notable effect in subcritical and supercritical flow 
regimes (Section 2.1) when the cylinder was vertical. However, an effect was observed 
in the transition regime (Re = 1.4  105 to 1.8  105). The local flow disturbance due to 
stitch orientation was observed in the supercritical flow regime as local flow separation 
disappears in turbulent flow (greater than Re = 1.8  105). In the subcritical flow regime 
(Re = 1.8  105 and below), it is observed that with the local disturbance due to similar 
surface roughness, flow transition occurred at the same time for all three wale angles. In 
the transition regime of the flow, the effect of stitch orientation is clearly evident that 
the orientation of the stitch has significant effect in CD. Wale angle at 0° (Sample#3) 
produced lower CD value in the transition regime. Although the airflow in the transition 
regime is volatile, it is clearly evident by the visual and microscopic analyses (Section 
4.1) that the wale angle at 0° (horizontal) has the higher potential to excite the air flow 
108 
 
locally compared to other orientation. At 0° wale angle, there is a systematic local 
pattern of surface extrusion which clearly explains why this orientation had minimum 
value of CD. In contrast, the wale angle at 90° (perpendicular to the wind flow direction) 
did not create any systematic extrusion thereby produces higher drag in the transition 
regime of the flow. However, the influence of the surface roughness on the CD in 
vertical configuration agrees well with the published data (e.g., White, 2003). 
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Figure 5.15: The variation of CD with Re at three wale angles 
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5.3 Inclined Cylinder Aerodynamics 
An inclined cylinder with rotating mechanism was used to evaluate the aerodynamic 
properties of fabrics in different angles of attack and yaw in relation to athlete body 
positions. Details of the arrangements can be found in Chapter 4. End effects are studied 
here and necessary correction data for the top end in different angular positions were 
also evaluated for ski jumping and cycling fabrics tests. 
5.3.1 Effects of Angle of Attack 
To evaluate the flow characteristics on a cylinder under different angles of attack (α), 
drag and lift forces were measured on the bare cylinder (d = 110 mm and l = 300 mm) 
over a range of angles of attack (α = 30° to 150°) and wind speeds (20 to 120 km/h). 
Figures 5.16 and 5.17 show the plots of the average drag and lift forces with standard 
deviations respectively for each angle tested. Experimental data in these studies show 
that a data variation is less than ±1%. The 3D flow separation occurring here was 
observed using smoke flow visualisation and wool tufts in the wind tunnel. The flow 
pattern around the inclined cylinder is shown in Figure 5.18. The CD and CL as a 
function of angle of attack (α) ranging from 30° to 150° are shown in Figures 5.19 and 
5.20 respectively.  
Top end of the cylinder plays a significant role in aerodynamic properties. The projected 
frontal area of the top end decreases with the increase of angle of attack (α) and it is 
zero at α = 90°. Thus, with an increase of α, the flow separation at the top end of the 
cylinder delayed whereas the flow separation behind the cylinder occurred earlier as 
observed in the flow visualisation test (Figure 5.18). As a result, at low angle of attack 
(α = 30°), the finite cylinder generates higher drag and lift compared to the backward 
direction while α = 150° as shown in Figures 5.16 and 5.17. The Figure 5.19 shows that 
the CD value at α = 30° is about 0.56 compared to the same backward inclination angle 
at α = 150°, the CD value is more than 3 times less. Also the CL value at α = 30° is about 
0.35 compared to the same backward inclination angle at α = 150°, the CL value is 
almost 2 times less (Figure 5.20). Therefore, necessary end correction due to the 
inclined top end must be performed for fabric evaluation with inclined cylinder. 
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Figure 5.16: The variation of drag with angle of attack (α) at different speeds for the 
bare cylinder 
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Figure 5.17: The variation of lift force with angle of attack (α) at different speeds for the 
bare cylinder 
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Figure 5.18: Flow visualisation test for cylinder 
With the increase of angle of attack, the flow separation behind the cylinder became 
more turbulent due to the combined effects of flow separation behind the cylinder as 
well as the top end of the cylinder (Figure 5.18). As a result, the CD value increases 
more rapidly with the increase of angle of attack up to α = 60°. Thereafter, the flow 
separation pattern remained almost similar and less affected by the flow separation on 
the top as observed in the flow visualisation test. Figure 5.19 clearly indicates that the 
decrease of the CD value is between α = 60° and 90°. With the further increase of angle 
of attack (α >90°), the CD value decreased rapidly as the flow around the cylinder was 
more attached and less turbulent. As mentioned earlier, the CD value at vertical position 
(α = 90°) was verified with published data (White, 2003). 
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Figure 5.19: The variation of CD with angles of attack (α) at different speeds for the bare 
cylinder 
Figure 5.20 indicates that at higher speed (90 km/h and above), the CL value is maximal 
at the minimum angle of attack (α = 30°) tested in this study. Thereafter, the CL value 
gradually decreases with the increase of angle of attack. These variations were more 
prominent at low speeds (80 km/h and below). These variations were due to the local 
flow separation at low speeds. As mentioned by White (2003) that the CL value of a 
circular cylinder at vertical position (α = 90°) and horizontal position (α = 0°) should be 
0. In this study, CL value was also found 0. 
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Figure 5.20: The variation of CL with angles of attack (α) at different speeds for the bare 
cylinder 
Figure 5.21 shows the average CD and CL variation with angle of attack. From the 
figure, it is clearly evident that the lift is maximum at α = 60  (at forward inclination) 
and α = 120  (at backward inclination). Figure 5.22 is a polar plot of CL vs. CD, which 
indicates that the maximum lift can be found at α = 90 ±30° with a finite length circular 
cylinder. 
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Figure 5.21: Average CD and CL variation with angles of attack (α) for the smooth-
surfaced cylinder 
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Figure 5.22: The variation of CL with CD for the smooth cylinder 
5.3.2 End Effects of Inclined Cylinder 
The end effects at various angles of attack were examined with different aspect ratio 
cylinders. The diameter of the cylinder was kept constant (d = 110 mm) and the aspect 
ratios used were 0.5, 0.9, 1.9, 2.7 and 3.6 (Section 5.1.1). Drag and lift forces were 
measured on the bare cylinder over a range of wind speeds (20 to 120 km/h). Figure 
5.23 shows the plots of the average drag and lift forces for each speed tested at α = 30° 
and ψ = 0°. Experimental data in these studies show that a data variation is less than 
±1%. 
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Figure 5.23: The variation of drag and lift forces with cylinder length at α = 30° and ψ = 
0° 
The CD values as a function of cylinder length at α = 30° is shown in Figure 5.24. The 
figure indicates that there is no Re dependency on CD values, with all lines collapsing 
into single curve. It also shows that the CD value nearly become constant with the 
cylinder length, l at 300 mm and above. On the other hand, with the reduction of length, 
the CD value significantly increases. 
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Figure 5.24: The CD values as a function of cylinder length at α = 30° and ψ = 0° 
The CL verses length is shown in Figure 5.25. In the figure, the Re dependency is 
minimal at high speeds (above 80 km/h) whereas a significant Re variation was 
observed at low speeds. The CL value rapidly increases with the increase of the cylinder 
length up to 100 mm. Thereafter, with an increase of length, the CL value gradually 
decreases. While the cylinder length is below 100 mm, the CL value decreases due to the 
aerodynamic interference of the base of the experimental arrangement. Thus, the 
cylinder testing with fabrics would be better to have length over 100 mm. It may be 
mentioned that in this study, the cylinder length was 300 mm which is well beyond the 
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aerodynamic interference of the base. Therefore, the selection for the cylinder 
dimension was well justified. 
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Figure 5.25: The CL values as a function of cylinder length at α = 30° and ψ = 0° 
5.3.3 End Corrections for Inclined Cylinder 
To minimise the effects of the top end of inclined cylinder, it is necessary to correct the 
primary data (drag and lift forces) in different inclination angles (and ) prior 
evaluating the sport fabrics. 
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To quantify the correction data, initially the drag and lift forces were measured on the 
bare cylinder at different angular positions with different length cylinders. The diameter 
of the cylinder was kept constant (d = 110 mm) and the lengths used were 100, 200, 300 
and 400 mm. Forces were measured over a range of wind speeds (20 to 110 km/h). For 
cycling, speed range was selected from 20 to 70 km/h and the range was selected from 
80 to 110 km/h for ski jumping. Figure 5.26 shows the plots of the average drag forces 
with standard deviations for different speeds tested. 
Extrapolation of the quadratic fits to the data back to l = 0 provides the zero length limit 
as plotted in Figure 5.26 which indicates the contribution of the cylinder top at the angle 
of attack. These correction values for drag measurement (the zero length limit) are 
provided in Table 5.3.  Similarly, lift forces were analysed for the end correction values 
as shown in Figure 5.27 and data are provided in Table 5.4. Data from this studies 
indicated that the correction values changes with the changes of speeds and angle of 
attack. 
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Figure 5.26: The variation of drag with cylinder length at different speeds for the bare 
cylinder at α = 30° and  = 0° 
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Table 5.3: Correction values for drag force at α = 30° and  = 0° 
Speed 
(km/h) 
Drag 
(N) 
End correction value 
(N) 
Corrected drag 
(N) 
Variation 
(%) 
20 0.331 0.177 0.154 53% 
30 0.693 0.406 0.287 59% 
40 1.241 0.694 0.547 56% 
50 1.804 1.114 0.690 62% 
60 2.497 1.676 0.821 67% 
70 3.297 2.331 0.966 71% 
80 4.233 3.072 1.161 73% 
90 5.420 3.992 1.428 74% 
100 6.714 4.728 1.986 70% 
110 8.195 5.463 2.732 67% 
120 9.829 6.379 3.450 65% 
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Figure 5.27: The variation of lift forces with cylinder length at different speeds for the 
bare cylinder at α = 30° and  = 0° 
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Table 5.4: Correction values for lift force at α = 30° and  = 0° 
Speed 
(km/h) 
Lift  
(N) 
End correction value 
(N) 
Corrected lift 
(N) 
Variation (%) 
20 0.329 -0.141 0.470 -43% 
30 0.609 -0.163 0.772 -27% 
40 1.003 -0.217 1.220 -22% 
50 1.408 -0.188 1.596 -13% 
60 1.889 -0.215 2.104 -11% 
70 2.430 -0.172 2.602 -7% 
80 3.010 -0.194 3.204 -6% 
90 3.899 -0.276 4.175 -7% 
100 4.757 -0.267 5.024 -6% 
110 5.772 -0.220 5.992 -4% 
120 6.967 -0.317 7.284 -5% 
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5.4 Fabric Evaluation Using a Cylinder 
Fabric test methodology using a cylinder was employed to measure the properties of 
fabrics. As the cylinder was used to evaluate the aerodynamic properties of fabrics used 
in ski jumping and cycling at different angular positions (Chapter 4), necessary end 
corrections were performed in these angular positions as indicated in Table 5.5. Table 
5.6 and Table 5.7 provide the necessary end correction data for ski jumping and cycling 
positions. Data sets are given in Appendix D. 
Table 5.5: Evaluation configurations for end correction with inclined cylinder  
(from Sections 4.3.6 and 4.3.7) 
Position Angle of attack (°) Yaw angle (°) 
Ski jumping 
30 5.3 
45 30 
Cycling 
30 0 
45 0 
60 0 
105 0 
115 0 
 
Table 5.6: Correction values for inclined cylinder at ski jumping positions 
  
Speed (km/h) 
α = 45°, ψ = 11° α = 30°, ψ = 5.3° 
Drag (N) Lift (N) Drag (N) Lift (N) 
80 1.610 -0.357 2.665 -0.277 
90 2.304 -0.451 3.366 -0.200 
100 2.843 -0.449 4.134 -0.230 
110 3.219 -0.329 4.879 -0.117 
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Table 5.7: Correction values for inclined cylinder at cycling positions 
Speed (km/h) 
Drag (N) 
α = 30° α = 45° α = 60° α = 105° α = 115° 
20 0.177 0.189 0.176 -0.075 -0.042 
30 0.406 0.263 0.260 -0.334 -0.020 
40 0.694 0.274 0.331 -0.097 -0.047 
50 1.114 0.351 0.436 -0.117 -0.114 
60 1.676 0.708 0.867 -0.070 -0.082 
70 2.331 0.817 1.046 -0.054 -0.057 
 
5.4.1 Ski Jumping Fabric Testing 
A cylinder was used to evaluate the aerodynamic properties of the seam at different 
inclination angles assigned for leg and arm segments of ski jumping suits (Chapter 4). 
Three fabric samples (Sample#01, Sample#02 and Sample#03) were tested at 75º, 90º 
and 105º seam positions for arm at α = 30° and  = 5.3° and leg at α = 45° and  = 30°. 
Selection of these equivalent arm and leg positions of a ski jumper has been discussed 
in (Section 4.3.6).  Figure 5.28 illustrates the angles of inclination for equivalent leg and 
arm segments with three seam positions. Lift and drag forces were measured and 
converted to dimensionless parameters CL and CD after necessary end corrections 
discussed in the previous section. Figures 5.29 and 5.30 show the cylinder results of ski 
jumping fabric evaluation at these equivalent arm and leg segment orientation. In flight 
aerodynamics, the quality of lifting components is evaluated by the glide ratio, L/D 
(Meile et al., 2006). Therefore, the cylinder data were further analysed for L/D 
comparisons. Figure 5.31 shows the variation of L/D with Re for equivalent leg and arm 
segments. 
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Figure 5.28: Angles of inclination for equivalent leg and arm segments of ski jumper 
with three seam positions 
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Figure 5.29: The variation of CD and CL with Re for equivalent leg segment 
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Figure 5.30: The variation of CD and CL with Re for equivalent arm segment 
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Figure 5.31: The variation of L/D with Re for equivalent leg and arm segment 
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In order to compare the cylinder test data for three seam positions (75º, 90º and 105º) 
and three wale angles (90º, 45º and 0º), Sample#01 at 90º seam position was taken as 
the standard configuration (baseline) and the data was compared with the configurations 
with maximum L/D values obtained both for arm and leg segment. From Figure 5.31, it 
is clearly evident that the seam at 105º for Sample#03 has maximum L/D value than any 
other configurations within the speeds range from 90 to 100 km/h (Re = 0.65 × 10
6 
to 
0.85 × 10
6
) for equivalent arm segment. Similarly, Sample#02 at 90º seam position 
exhibits maximum L/D value for equivalent leg segment. Tables 5.8 and 5.9 summarise 
the aerodynamic parameters for equivalent leg and arm segments of the ski jumper at 
design speed limits (form 90 to 100 km/h). For the equivalent arm segment, the CD 
value is decreased by 1.7% whereas CL value is increased by 5.8% and the glide ratio 
(L/D) is also increased about 7.6%, which is an aerodynamic advantage (Table 5.9). 
Similar aerodynamic benefit was also observed for the equivalent leg segment with an 
increase of L/D ratio by 25% approximately (Table 5.9). 
Table 5.8: Results comparison for equivalent leg segment 
Parameter 
Standard configuration 
(baseline) 
Configuration with 
Maximum L/D Variation (%) 
Sample#01 - (90°) Sample#02 - (90°) 
CD 0.644 0.658 +2.2% 
CL 0.235 0.300 +27.7% 
L/D 0.364 0.455 +24.7% 
 
Table 5.9: Results comparison for equivalent arm segment 
Parameter 
Standard configuration 
(baseline) 
Configuration with 
Maximum L/D Variation (%) 
Sample#01 - (90°) Sample#03 - (105°) 
CD 0.394 0.387 1.7% 
CL 0.355 0.376 +5.8% 
L/D 0.902 0.971 +7.6% 
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5.4.2 Cycling Fabric Testing 
The cylinder was also used to evaluate the aerodynamic properties of two cycling 
fabric—Sample#04 and Sample#06. Selection of these fabrics was based on their 
surface roughness parameter. Sample#04 was relatively smooth compared to 
Sample#06. The average height of the surface (Sa) of Sample#04 and Sample#06 were 
approximately 52 μm and 60 μm respectively (Chapter 4). These two fabric samples 
were tested with a range of angles of attack starting from 30° to 115°. These angles 
were selected based on the cyclist body position during different cycling positions as 
discussed in Section 4.4.2. Drag forces were measured and converted to dimensionless 
parameter CD after necessary end corrections discussed in the previous section. Figure 
5.32 provides the CD variations with Re of these cycling fabrics at angles of attack, α = 
30°, 45°, 60°, 90°, 105° and 115°. 
Results indicate that the relatively rough fabric (Sample#06) underwent flow transition 
earlier than relatively smooth fabric (Sample#04) at a range of angles of attack between 
45° and 115°. Additionally, Sample#04 has lower CD value (approximately 5% less) at 
α = 30° and speed is over 40 km/h. 
The minimum drag coefficient (CDmin) value and corresponding speed are listed in Table 
5.10. Data shows that CDmin values are always lower for Sample#04 at all angles of 
attack except α = 45°. With the increase of angle of attack, CDmin values also increased 
for both samples and the CDmin value is maximal at 90° angle of attack and thereafter 
CDmin values again decreased with further increase of angles of attack. 
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Figure 5.32: The variation of CD with Re at different angle of attack (α) for two fabrics 
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Table 5.10: Minimum drag coefficient (CDmin) values at different angles of attack (α) 
α 
Sample#04 (Sa = 52 μm) Sample#06 (Sa = 60 μm) 
Speed (km/h) CDmin Speed (km/h) CDmin 
30° 60 0.089 60 0.110 
45° 70 0.412 50 0.426 
60° 70 0.436 70 0.443 
90° 70 0.404 60 0.463 
105° 70 0.376 60 0.409 
115° 70 0.303 60 0.335 
The air flow transition (from laminar to turbulent) was observed with these two fabric 
samples at a range of angles of attack. As discussed in Section 5.2.1, the transitional 
effects vary differently depending on the surface profile. Transition speeds for both 
samples were extracted from Figure 5.32, and Figure 5.33 shows plots of the 
transitional speeds as a function of angles of attack for Sample#04 and Sample#06. 
0
10
20
30
40
50
60
70
0 15 30 45 60 75 90 105 120 135 150
T
ra
n
si
ti
o
n
al
 S
p
ee
d
 (
k
m
/h
)
Angle of attack (α)
Sample#04 (Sa = 52 µm)
Sample#06 (Sa = 60 µm)
 
Figure 5.33: Transitional speeds as a function of angles of attack (α) 
It is clearly evident that with an increase of angle of attack (α), the rough fabric reduces 
drag more efficiently at low Re (speed below 40 km/h). Figure 5.33 shows that smooth 
fabric is always giving lower transition speed.  However, when the body become more 
132 
 
streamlined (α<45°), the smooth fabrics can reduce drag more efficiently (Figure 5.32) 
at high speed (above 50 km/h). The body position of the cyclist has been discussed in 
(Section 2.3.1). The cyclist body become streamlined at time trial cycling position 
where the trunk angle is less than 45° and the speed range is between 50 and 60 km/h. 
Therefore, the smooth fabric has the potential to provide aerodynamic advantage at this 
position. But when the cyclist body is less inclined as in upright and dropped cycling 
positions where the trunk, arm and thigh angles are more than 30°, then rough fabric has 
the potential to reduce overall drag at the low speeds (from 30 to 40 km/h). 
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Chapter 6 
Full-scale Evaluation of Sports Garments 
 
6.1 Aerodynamic Effects of Ski Jumping Suits 
Two ski-jumping suits (Chapter 4) were evaluated in the wind tunnel environment using 
an articulated mannequin (Chapter 4). For ski jumping, the average speeds were found 
to be 90 to 100 km/h by analysing the data from previous Olympic Games (Chapter 2) 
which is consistent with Meile et al. (2006) ski jumping experimentation at speed at 95 
km/h. Therefore, here, lift and drag forces were measured over a range of wind speed 
(80 to 110 km/h). It is necessary to measure the frontal projected area to calculate CL 
and CD. The projected frontal area of the mannequin at the in-flight position (Figure 6.1) 
was measured using the projected frontal area measurement technique described earlier 
(Chapter 4). The projected frontal area of the mannequin including suit and skies at the 
in-flight position was found 0.591 ± 0.015 m
2
. The values were very similar for both the 
suits reflecting their similar dimensions. The Reynolds numbers (Re) were calculated 
based on the length of the ski jumper (Brownlie, 1992) as mentioned in Chapter 2. The 
position of the mannequin was monitored with a digital positioning system described 
earlier (Chapter 4). Figures 6.2 and 6.3 show the variations of CD and CL respectively 
with Re between 80 and 110 km/h. Experimental data in these studies show a data 
variation less than ±1%. Data sets are given in Appendix D. 
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Figure 6.1: Frontal area measurement for ski jumping at in-flight position 
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Figure 6.2: The variation of CD with Re for two ski jumping suits 
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Figure 6.3: The variation of CL with Re for two ski jumping suits 
Although the suits were manufactured with same fabric, the wale angles (Section 4.4.1) 
and the seam positions on leg and arm segments were different. In his study, the effects 
of wale angle and seam position on the aerodynamic properties are apparent. Usually, a 
standard ski jumping suit (Suit-A) is manufactured with 90° wale angle and all seams 
(leg and arm segments) are placed at 90° with respect to wind direction. This standard 
suit (Suit-A) was compared with an engineered suit (Suit-B) that has different seam 
positions and wale angles for leg and arm segments (Chapter 4) to understand these 
design variables. 
Figure 6.2 shows that at low speeds, Suit-B exhibits lower drag but the drags become 
similar at higher speeds. On the other hand, the aerodynamic lift is constantly greater for 
Suit-B, thus indicating a clear aerodynamic benefit with the engineered suit. As 
mentioned earlier in Section 2.2, Meile et al. (2006) suggested that in flight 
aerodynamics, the quality of lifting components may be evaluated by the increased glide 
ratio (L/D). The variation of the glide ratio (L/D) with Reynolds number (Re) for both 
suits are shown in Figure 6.4 which clearly indicates the increase in glide ratio with the 
engineered suit (Suit-B) within the design speed range (90 to 100 km/h). 
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Figure 6.4: The variation of the glide ratio (L/D) with Reynolds number (Re) for both 
ski jumping suits 
Schmölzer & Müller (2002) studied the effects of lift and drag as a functions of the 
jump length as shown in Figure 6.5. They found that with the increase of lift by 1%, the 
resulting jump length will be increased by 1.8 m whereas the jump length will be 
decreased by 1.2 m for the increase of drag by 1%. Using this simulation approach, the 
increase in jump length was calculated for the engineered suit (Suit-B). It was found 
that the drag of the engineered suit was decreased by 0.4% whereas the lift was 
increased by 2.2% with respect to the standard suit (Suit-A) at in-flight position. 
Therefore, the resultant jump length can be increased by about 4.44 m with the 
engineered suit (Suit-B) by using the simulation approach formulated by Schmölzer & 
Müller (2002). 
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Figure 6.5: Modelled effects of lift and drag as a functions on the jump length (from 
Schmölzer & Müller, 2002) 
 
6.2 Aerodynamic Effects of Cycling Suits 
Two cycling suits (Section 4.4.2.1) were investigated in the wind tunnel environment 
using a professional cyclist (Section 4.4.2) at three widely used cycling positions: 
upright, dropped and time trial (Section 2.3). The Tour de France 2010 and 2011 data 
indicated that the cycling speeds varied between 30 and 60 km/h (Section 2.3). Other 
researchers (Kyle, 2003; Brownlie, 1992; Gross, Kyle & Malewicki, 1983) performed 
cycling experimentation over a range of speeds from 40 to 60 km/h. Therefore, in this 
study, drag forces were measured over a range of wind speed (20 to 70 km/h). The 
projected frontal area of the cyclist at three cycling positions: upright, dropped and time 
trial (Figure 6.6) were measured using the projected frontal area measurement technique 
described earlier (Section 4.4.4). The projected frontal areas of the cyclist including suit 
and the bicycle were found 0.380 ± 0.006, 0.405± 0.008 and 0.411± 0.008 m
2
 for time 
trial, dropped and upright cycling positions respectively. The values were very similar 
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for both the suits as the dimensions were the same. The Reynolds numbers (Re) were 
calculated based on the diameter of the cyclist (Brownlie, 1992) as mentioned in 
Section 2.1. The cyclist maintained his positions during the force measurement and his 
position was monitored with the digital positioning system described earlier (Section 
4.4.3). Multiple data were recorded for this study to minimise the potential errors. 
Although the dimension and fitting were same, the cycling suits were manufactured 
with different fabric, having different roughness (Section 4.4.2.1). In this study, the 
effects of surface roughness of the fabric on the aerodynamic properties were observed. 
Suit-A is made of Sample#04 fabric having average roughness height (Sa) is about 52 
μm (Chapter 4) whereas the comparatively rough suit (Suit-2) were manufactured with 
Sample#06 fabric having the Sa =  60 μm. Therefore, the suits were compared primarily 
based on the surface roughness parameter in relation to three cycling positions. 
(a)                   (b)                 (c) 
 
Figure 6.6: Frontal area for cyclist and the bicycle at different positions 
6.2.1 Upright Position 
The upright position is used by the cyclist during long distance road racing where the 
frontal area is comparatively higher than other two cycling positions (Defraeye et al., 
2010). Figure 6.7 shows the CD variation with Re (20 to 70 km/h) with error bars 
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indicating the standard deviations at upright position. Experimental data in these studies 
show that the variation was less than ±1%. However, the speed range for upright 
position was from 30 to 40 km/h (Chapter 2).  
The experimental data in Figure 6.7 shows an increase of CD values with speeds for the 
rough suit (Suit-2) whereas the CD values decrease with an increase of speed for the 
smooth suit (Siut-1). As the speed range for upright cycling position varies from 30 to 
40 km/h, the rough suit (Suit-2) can reduce drag around 3.2% compared to the smooth 
suit (Suit-1). However, at speed over 50 km/h, smooth suit provides more drag 
reduction. 
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Figure 6.7: The variation of CD with Re at upright cycling position 
Cylinder test results (Section 5.4.2) indicated that the rough fabric (Sample#06) has low 
transitional speed than the smooth fabric (Sample#04) over a range of angles of attack. 
Full-scale test results also indicated the similar results as the cylinder results. In the 
upright cycling position, the angles of the different parts of the cyclist body are greater 
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than 45º. Therefore, earlier flow transition would occur with the rough suit at lower 
speeds (below 50 km/h). 
6.2.2 Dropped Position 
The dropped position is also used by the cyclist during long distance road racing where 
the frontal area is comparatively lower than upright position but higher than time trial 
cycling positions (Defraeye et al., 2010). Figure 6.8 shows the CD variation with Re (20 
to 70 km/h) with error bars indicating the standard deviations at upright position. 
However, the speed range for upright position is between 30 and 40 km/h (Chapter 2). 
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Figure 6.8: The variation of CD with Re at dropped cycling position 
The experimental data in Figure 6.8 shows an increase of CD values with speeds for 
both suits. However, the smooth suit has higher drag than rough suit (Suit-2). As the 
speed limit at dropped position varies from 30 to 40 km/h, the rough suit (Suit-2) 
reduces the drag by about 3.6% compared to the smooth suit (Suit-1) within these speed 
limits. Additionally, the rough suit provides the aerodynamic drag reduction at all 
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speeds tested. It was also noted that the projected frontal area in dropped position was 
around 1.2% more than upright position. 
6.2.3 Time Trial Position 
This position is used by the cyclist during the time trial cycling event where the frontal 
area is the lowest among the other two cycling positions. This is the most streamlined 
position used by the cyclist. Figure 6.9 shows the CD variation with Re for the range 20 
to 70 km/h. However, the speed for the time trial cycling position varies between 50 and 
60 km/h (Section 2.3). 
Cylinder test data (Section 5.4.2) indicated that the smooth fabric (Sample#04) has high 
transitional speed but low value for the minimum drag coefficient than the rough fabric 
(Sample#06) over a range of angles of attack. At time trial cycling position, the angles 
of the different parts of the cyclist body are less than 45º (Section 4.4.2). Therefore, 
smooth suit would have minimum drag coefficient at high speeds (below 50 km/h). 
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Figure 6.9: The variation of CD with Re at time trial cycling position 
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The experimental data in Figure 6.9 shows a decrease of CD values with speeds for the 
smooth suit (Siut-1) whereas the CD values increase with an increase of speed for the 
rough suit (Suit-2). As the speed range for upright cycling position varies from 50 to 60 
km/h, the smooth suit (Suit-1) reduced drag about 3.3% compared to the rough suit 
(Suit-2). However, at speed below 40 km/h, rough suit provides more reduction of 
aerodynamic drag. 
6.3 Aerodynamic Indices 
The aerodynamic indices determined in this study are in general agreement with other 
published data on models and human athletes (Table 6.1 and 6.2).  
 
Table 6.1: Aerodynamic indices for ski jumping 
Source CD CL 
Drag 
Area 
(CD·A) 
Lift 
Area 
(CL·A) 
Test condition 
This study 0.853 1.167 0.508 0.705 Full-scale wind tunnel testing 
Meile et al.  (2006) 0.915 1.156   Wind tunnel testing with 
scaled model 
Schmolzer & 
Müller (2004) 
    0.556 0.710 Field investigation during 
Olympic Games competitions 
 
Table 6.2: Aerodynamic indices for cycling 
Source CD 
This study 0.83 - 1.02 
Kyle (2003) 0.80 - 0.90 
Brownlie (1992) 0.63 - 0.79 
Gross et al. (1983) 0.83 - 1.10 
Davies (1980) 0.56 
Pugh (1974) 0.76 
Nonweiler (1956, 1958) 0.93 
 
The common sources of variations in measurement are: (a) correction for tunnel 
blockage, (b) repositioning of the experimental arrangements, (c) movements of human 
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athlete during measurement, (d) accuracy of projected frontal area measurement, and (e) 
differences of associated equipment (bicycle, helmet, skis, and shoes) used. In this 
study, maximum blockage recorded was less than 10% for full-scale ski jumping 
testing. Thus, no correction was necessary for the blockage ratio. Positions of the 
experimental arrangements were carefully monitored in this study especially for the 
full-scale testing. Large variations of the experimental data are observed due to a slide 
change of the experimental arrangements. All measurements were limited to static 
condition to minimise movement during wind tunnel experiments. For example, full-
scale cycling tests were performed at static condition without paddling to minimise the 
movement during measurement as large variations were observed during the 
measurement while paddling. Variation in projected frontal area of full-scale mannequin 
and cyclist, ranging from +1 to 2.5%, was within the range mentioned by other 
researchers for measurement errors (2.5% by Kyle & Caiozzo, 1986 and 5.7% by 
Brownlie, 1992). 
 
6.4 Comparison between Cylinder and Full-scale Tests 
The flow transition due to the surface roughness was observed in cylinder test (Figures 
5.9 and 5.10) but no flow transition was observed in the full-scale tests both for ski 
jumping (Figures 6.2 and 6.3) and cycling (Figures 6.7, 6.8 and 6.9). Similar results 
were obtained by Brownlie (1992). He tested several fabrics using cylinders and he also 
evaluated several garments used in cycling and sprint in full-scale. His study showed 
that the flow transition was observed in cylinder tests; however, no flow transition was 
noted in full-scale tests.  
In this study, complex flow structures were observed around the ski jumping and 
cycling experimental arrangements using the flow visualisation technique (Section 4.5) 
for qualitative analysis of the flow. Figure 6.10 shows the flow visualisation tests at 
different parts of ski jumping experimental arrangement and the flow visualisation tests 
for cycling at three positions are shown in Figure 6.11. The results indicated that the 
incoming air flow was influenced by the peripheral parts (e.g., arm, leg) of athlete and 
the mannequin and also by the associated equipment (e.g., skies, bicycle handlebar). As 
a result, the flow separation was prevented because of these local disturbances. 
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Therefore, there was no flow transition observed with the full-scale tests both for ski 
jumping and cycling. 
In ski jumping, cylinder tests data indicate an increase of lift-to-drag ratio (L/D) by 
approximately 30% for the equivalent leg segment and about 8% for the equivalent arm 
segment compared to a standard configuration (Sample #01 with seam position at 90) 
(Section 5.4.1). On the other hand, full-scale tests show that the engineered suit (Suit-B) 
has approximately 3% increase of L/D compared to the standard suit (Suit-A). 
Therefore, it is evident that the cylinder tests data have similar trends with the full-scale 
tests. 
 
  
Figure 6.10: Flow visualisation at different parts of ski jumping arrangement 
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(a) Upright position 
 
(b) Dropped position 
 
(c) Time trial position 
Figure 6.11: Flow visualisation at different parts of cycling arrangement 
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In cycling, the average drag reductions with the rough suit (Suit-2) were found to be 
2.1% and 3.3% at upright and dropped positions respectively compared to the smooth 
suit (Suit-A). However, the drag increases by 1.5% at the time trial position and at 
speed below 50 km/h with the smooth suit. The rough suit (Suit-2) has the highest 
reduction of drag in road racing both at upright and dropped positions where the cyclist 
body is not generally very streamlined whereas the smooth suit (Suit-1) performs better 
than the rough suit (Suit-2) at time trial position when the speed was over 50 km/h. 
Cylinder test data indicated that the smooth fabric possesses 5% less drag than rough 
fabric at low angle of attack (α  =  45) within the speeds ranging from 50 to 60 km/h 
(Section 5.4.2). Cylinder tests data also indicated that the rough fabric undergoes the 
flow transition earlier than the smooth fabric when angle of attack is more than 45 and 
at low speeds (40 to 50 km/h), CD values of the rough fabric were lower than that of the 
smooth fabric. Therefore, it is clearly evident that the full-scale tests data compared well 
with the cylinder tests data. 
It can be also noted that the magnitudes of the aerodynamic forces are several times less 
in a cylinder test (Section 5.4) compared to a full-scale test. Full-scale test is more 
appropriate for aerodynamic evaluation of body configuration as the drag is several 
orders of magnitude higher whereas the precise measurements of aerodynamic 
properties of fabrics are only possible by cylinder test. Therefore, in order to evaluate 
the fabric features (seam configuration, surface roughness and wale orientation) of a 
garment segment in details cylinder test is more appropriate. On the other hand, full-
scale test is less sensitive to the specific features of garment as the high magnitude of 
forces are measured as well as the aerodynamic interference is more compared to the 
cylinder testing. 
 
6.5 Implication of Cylinder Test for Sport Garment Design  
Currently, there is no standard fabric test methodology available for the evaluation of 
aerodynamic parameters (drag, lift and drag to lift ration) of garments for high-speed 
sports considering athlete body position, either for optimising or selecting of 
appropriate garment for better outcome in sport. As the position in the world class 
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competitions is decided with a fraction of time difference, apart from the athletic 
performance, an aerodynamically efficient sport garment can enhance the overall 
performance of the athlete. Depending on the characteristics of a sport, the fabric test 
methodology developed in this study can be employed as a basic design tool to optimise 
or select appropriate parameters for improved outcomes. Prior to making a full-scale 
aerodynamic suit, this methodology can be an essential tool to investigate the 
aerodynamic performance of individual parts of the athlete body. Previously, it was 
difficult to predict such behaviour of various features of sport garment using a cylinder 
model as little knowledge on the effect of fabric surface morphology (surface 
roughness, stitch orientations and seam positions) in relation to different inclination 
angles was readily available. 
The selection of optimal parameters (surface roughness, seam position and fabric wale 
orientation) for the aerodynamic performance of sport garments, this methodology is 
useful during the initial design stage. The practical implementation of knowledge from 
this work can be applied not only in ski jumping and cycling but also other high-speed 
sports. Understanding the drag and lift behaviour as a function of material surface 
morphology will lead the reduction of aerodynamic drag and maximising the 
aerodynamic lift depending on body configuration and the angle of attack of body 
segments. Also the production cost of an aerodynamically efficient sport suit can be 
reduced. 
Only two sports—cycling and ski jumping were studied in this research to evaluate the 
fabric test methodology using cylinder for engineered sports suits. This methodology 
was implemented across a broad range of speeds from 30 to 100 km/h. Therefore, it is 
expected that the methodology is applicable to other high-speed sports such as sprint, 
speed skating, downhill skiing and swimming. 
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Chapter 7 
Conclusions and Recommendations 
 
7.1 Conclusions 
The main objective of this research was to investigate the aerodynamic behaviour of 
surface roughness, stitch orientation and seam position, and their interrelationships for 
sports fabrics used in high-speed sports, such as ski jumping and cycling. The following 
general and specific conclusions stem from this research. 
7.1.1 General Conclusions 
In this research, a standard test methodology using a cylinder to evaluate the 
aerodynamic properties (drag and lift) of fabric as well as two full-scale test methods, 
and their functional relationships have been developed, that are used to select 
appropriate garments and to construct engineered suits with improved aerodynamic 
benefit in high-speed sports, such as ski jumping and cycling. The findings from this 
research demonstrate that full-scale test is more appropriate for the measurement of 
athlete’s overall aerodynamic properties whereas the cylinder test is better suited for the 
detailed investigation of aerodynamic properties of fabric for various surface features. 
The amount of drag and lift generated by fabric is significantly lower compared to the 
overall aerodynamic drag and lift. Thus, for designing of a sport suit with reduced 
aerodynamic drag or increased aerodynamic lift, the standard fabric test methodology 
using cylinder should be used while the full-scale garment test methodology should be 
utilised for the determination of overall aerodynamic performance. 
The aerodynamic drag and lift of sports garments are directly dependent on the surface 
characteristics (roughness and stitch orientation) of fabric, wind speed and athlete’s 
body position. The surface characteristics can be utilised to maximise aerodynamic 
advantage for a specific speed range and body position. The findings clearly indicated 
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that same material characteristics and stitch orientation cannot provide aerodynamic 
advantage for all speeds. 
7.1.2 Specific Conclusions 
A quantitative relationship between the aerodynamic drag coefficient (CD) and 
Reynolds numbers (Re) was established for sports fabrics with relative roughness (ε = 
roughness height / diameter of the cylinder)  ranging from 2.58  104 to 7.38  104. 
The minimum drag coefficient (0.44) was found at Re = 2.4  105 for a smoother 
surface (ε = 2.58  104) whereas for a rougher surface (ε = 7.38  104), the minimum 
drag coefficient was determined to be 0.54 at Re = 1.8 105. This relationship allows 
determining drag coefficient for sports fabrics over a range of Reynolds numbers (Re = 
1.0  105 to 2.4  105). 
A graphical relationship between aerodynamic drag coefficient and Reynolds number 
for seam angles between 0° and 180° relative to wind direction of a specific seam was 
established in this research. The results show that the seam angle at 45° generated 
minimum drag at low Reynolds numbers (Re  0.5  105). The variation in drag at high 
Reynolds number for other seam orientations had a negligible effect on aerodynamic 
drag. 
The fabric wale angle with respect to wind direction affects the aerodynamic drag 
coefficient by influencing the flow transition regime between Re = 1.4  105 and 1.8  
10
5
. The 0° wale angle (aligned with wind direction) produced a higher aerodynamic 
drag at Re = 1.6 105. The 45° and 90° wale angles generated approximately 23% and 
15% less drag respectively compared to the 0° wale angle. This finding indicates that 
there is scope for achieving aerodynamic benefit by aligning the wale direction with the 
wind. 
Lift-to-drag ratio for the inclined positions of a cylinder model between 30° and 150° 
with respect to the wind direction was determined. Maximum lift with a minimum drag 
was achieved at 60° inclination angle of the cylinder model. The influence of surface 
roughness at various inclination angles showed that the rougher surface (ε = 5.42 × 
10
4
) produced a flow transition earlier than the smoother surface (ε = 4.73 × 104) at 
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inclination angles between 30° and 125°. The flow transition speed increases between 
0° and 90° and decreases thereafter for both smooth and rough surfaces. However, for 
the smoother fabric, the rate of increment and decrement of transition speed was higher. 
The maximum variation between the flow transition speeds was found to be around 12 
km/h at a 75° inclination angle. 
A strong correlation between the cylinder and full-scale tests was found for lift, drag 
and lift-to-drag ratio. The modified ski jumping suit based on the obtained results from 
the cylinder tests achieved an increased lift (about 2.2%) and reduced drag (about 1%) 
at 95 km/h. The modified suit also achieved an increased lift-to-drag ratio of around 3%. 
The cylinder test data show an increased lift-to-drag ratio of around 25% at the same 
speed. Cylinder tests of fabrics indicated higher proportion of aerodynamic benefits 
(higher lift and lower drag). However, a slightly lower aerodynamic benefit was noted 
in full-scale garment tests due to the effect of two skies, helmet and peripheral body 
segments (i.e., arms and legs) of the ski jumper whereas these effects were not present 
in the cylinder tests. Nevertheless, full-scale test is useful for determining the overall 
aerodynamic benefit. For cycling, the suit made of smooth surface (relative roughness, ε 
= 4.73× 10
4
) showed about 3.3% drag reduction at high speed (over 50 km/h) 
compared to the suit made of rough surface (ε = 5.42× 104) at a time trial cycling 
position. Additionally, the suit with rough surface produced approximately 3.2% less 
drag than the suit with smooth surface at low speeds (below 50 km/h) at upright cycling 
position. Similarly, the cylinder test data indicate that the smooth fabric produces 5% 
less drag than the rough fabric at low inclination angle (below 45) above 50 km/h and 
the rough fabric produces at least 2% lower drag at higher inclination angles (above 
45) and at low speeds (below 50 km/h). The better correlation between the full-scale 
and cylinder tests for cycling was achieved as a result of less local flow separations 
caused by cycling equipment. 
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7.2 Recommendations 
After conducting the work presented here and reviewing the literature available in the 
public domain, the following suggestions are made for further study: 
1. The relative roughness of fabric can vary with applied stresses on the fabric. 
Therefore, a further study on aerodynamic parameters as a function of relative 
roughness and applied stress should be undertaken. 
2. The effect of varied seam heights on aerodynamic parameters (drag and lift) is 
not considered in this study, which can have effect on flow regime. Therefore, a 
study on seam heights would be useful for sports garments used in high speed 
sports. 
3. In the current study, the boundary layer characteristics were not measured; and 
for better understanding of the flow regimes, it would be useful to study the 
boundary layer characteristics on sports garments with varied surface roughness. 
4. In an open environment, the athlete can experience wind from any directions 
with varied gustiness which can have effect on aerodynamic parameters 
optimised in smooth and no crosswind conditions. Therefore, it would be useful 
to undertake further study on crosswinds and wind gustiness effects. 
5. A correlation between cylinder and full-scale tests in wind tunnel as well as field 
test will be useful. 
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Appendix A: Load Sensor Specification 
The JR3 sensor is a monolithic aluminium (optionally stainless steel or titanium) device 
Instrumented with metal foil strain gages which sense the loads imposed on the sensor. 
The strain gage signals are connected to the external amplifier and signal conditioning 
equipment through the sensor cable. In the external electronic system the strain gage 
signals are amplified and combined to produce signals representing the force and 
moment loads for all axes. 
Sensors are produced in a wide variety of load ratings and bolt patterns. The physical 
size of the sensor varies, depending on factors such as force and moment ratings and 
required mounting dimensions. 
The axes on standard JR3 sensors are oriented with the X and Y axes in the plane of the 
sensor body, and the Z axis perpendicular to the X and Y axes. The reference point for 
all loading data is the geometric centre of the sensor. When viewed from the Robot Side 
of the sensor the forces and moments are related by the Right Hand Rule. 
 
Figure A.1: Sensor axis orientation 
All JR3 sensors use captive button-head bolts to mount the sensor with recommended 
torque. Sensors transmit digital output data to the receiver electronics in a synchronous 
serial format. All low level analogue signals and the Analogue to Digital (A/D) circuitry 
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are within the sensor body, shielded from electromagnetic interference by the metallic 
sensor body. Data for all six axes is returned to the receiver at a rate of 8 kHz. The data 
stream also includes feedback monitoring the sensor power supply voltage and 
information about sensor characteristics and calibration. Transmission of sensor 
calibration data from the sensor allows sensors to be interchanged with no need for any 
adjustment of the receiver circuitry. Feedback of the sensor power voltage allows use of 
long lengths of small gage wire in the sensor cable. Sensor power and data signals can 
be passed through slip rings with no increase in noise or loss of accuracy. Standard 
digital output sensors utilise either a 6 pin RJ-11 or an 8 pin RJ-45 modular style jack 
depending on the sensor model. 
The nominal load rating of JR3 sensors is the X or Y axis force rating. The Z axis rating 
is twice the X or Y axis rating. The torque rating for all axes is the X or Y axis force 
rating times the sensor diameter. 
Typical features and options for our "M" sensors include: 
 Internal electronics for enhanced noise immunity 
 Digital output option for use with a JR3 DSP-based receiver card 
 Analogue output option for use with pre-existing data acquisition systems 
 Half-bridge strain gage configuration for cost-effectiveness 
 Fewer internal loading flexures for cost-effectiveness 
 ISO 9409 standard bolt patterns with captive screws for easy, no-adapter-plate-
needed installation 
Typical specifications: 
 Accuracy of nominally 1% of Full-Scale (FS)  
 Repeatability better than absolute accuracy 
 Linearity of 0,5% of FS from +FS to -FS 
 and 0,1% of FS at loading below 1/4 FS 
 Resolution of 1/4000 FS 
JR3 sensors (M series) with load rating 200N, 400N and 1000N were used for the 
measurement of aerodynamic properties of different experimental arrangements. 
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Appendix B: Scanning Electron Microscope Specification 
This instrument was used for acquiring high quality magnified images of the fabric and 
other materials. 
Technical specifications are as follows: 
Model no: FEI Quanta 200 
 Electron optics: 
o High-performance thermal emission- SEM column with dual-anode 
source emission geometry, fixed objective aperture and through-the-lens 
 Resolution: 
o High-vacuum 
 3.0nm at 30kV (SE) 
 4.0nm at 30kV (BSE) 
 10nm at 3kV (SE) 
o Low-vacuum 
 3.0nm at 30kV (SE) 
 4.0nm at 30kV (BSE) 
 < 12nm at 3kV (SE) 
o Extended vacuum mode (ESEM) 
 3.0nm at 30kV (SE) 
 Accelerating voltage: 200V – 30kV 
 Probe current: up to 2μA –continuously adjustable 
 Chamber vacuum: 
o High-vacuum: < 6e-4 Pa 
o Low-vacuum: 10 to 130 Pa 
o ESEM-vacuum: 10 to 2600 Pa 
 Image processor 
o Up to 4096 x 3536 pixels 
o File type: TIFF (8- or 16-bit), BMP or JPEG 
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Appendix C: Detailed Design of Ski Jumping 
Experimental Arrangement 
 
 
Figure C.1: Front view of ski jumping rig (all dimensions are in mm) 
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Figure C.2: Side view of ski jumping rig (all dimensions are in mm) 
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Top view 
 
(b) Side view 
Figure C.3: Load cell attachment to ski jumping rig (all dimensions are in mm) 
169 
 
Appendix D: Additional Results 
D.1   End Corrections Data Set for Ski Jumping and Cycling Fabric 
Testing with Inclined Cylinder 
Figure D.1 and D.2 shows the end correction data for ski jumping and cycling positions. 
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Figure D.1: End correction data for ski jumping positions 
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Figure D.2: End correction data for cycling positions 
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D.2 Error Analysis Results for Full-scale Ski Jumping Suits 
Table D.1 provides the error analysis for the full-scale ski jumping suits testing at in-
flight position. 
Table D.1: Experimental data set for full-scale evaluation of ski jumping suits 
  Re × 10
6
  CD CL 
Bare mannequin 
2.6 0.5409 ± 0.0058 0.4213 ± 0.0045 
3.0 0.5777 ± 0.0006 0.5008 ± 0.0048 
3.3 0.5993 ± 0.0002 0.5994 ± 0.0020 
3.6 0.6071 ± 0.0033 0.6774 ± 0.0016 
Suit-A 
2.6 0.7320 ± 0.0017 0.9429 ± 0.0032 
3.0 0.7906 ± 0.0024 1.0888 ± 0.0035 
3.3 0.8612 ± 0.0012 1.2329 ± 0.0066 
3.6 0.8888 ± 0.0023 1.3445 ± 0.0029 
Suit-B 
2.6 0.7517 ± 0.0040 0.9581 ± 0.0028 
3.0 0.7915 ± 0.0053 1.1129 ± 0.0065 
3.3 0.8533 ± 0.0044 1.2588 ± 0.0090 
3.6 0.8914 ± 0.0025 1.3677 ± 0.0011 
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D.3 Error Analysis Results for Full-scale Cycling Suits 
Table D.2 provides the error analysis for the full-scale cycling suits testing. 
Table D.2: Experimental data set for full-scale evaluation of cycling suits 
Cycling Position Re × 10
5 
 Suit-1 Suit-2 
Time Trial  
2.2 0.9283 ± 0.0143 0.8739 ± 0.0115 
3.3 0.8848 ± 0.0049 0.8809 ± 0.0028 
4.4 0.8669 ± 0.0026 0.8623 ± 0.0069 
5.6 0.8637 ± 0.0017 0.8830 ± 0.0049 
6.7 0.8429 ± 0.0025 0.8838 ± 0.0021 
7.8 0.8309 ± 0.0035 0.8930 ± 0.0018 
Dropped 
2.2 0.8883 ± 0.0102 0.8451 ± 0.0026 
3.3 0.9213 ± 0.0057 0.8757 ± 0.0101 
4.4 0.9314 ± 0.0098 0.8910 ± 0.0033 
5.6 0.9390 ± 0.0002 0.9129 ± 0.0014 
6.7 0.9258 ± 0.0034 0.9156 ± 0.0084 
7.8 0.9493 ± 0.0081 0.9483 ± 0.0024 
Upright 
2.2 1.0260 ± 0.0005 0.9359 ± 0.0108 
3.3 1.0404 ± 0.0005 0.9806 ± 0.0011 
4.4 0.9924 ± 0.0046 0.9678 ± 0.0049 
5.6 0.9953 ± 0.0042 0.9846 ± 0.0115 
6.7 0.9795 ± 0.0046 0.9886 ± 0.0012 
7.8 0.9826 ± 0.0114 0.9946 ± 0.0051 
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